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Preface 


Civil Service is considered as the most prestigious job in India 
and it has become a preferred destination by all engineers. In 
order to reach this estimable position every aspirant has to 
take arduous journey of Civil Services Examination (CSE). 

Focused approach and strong determination are the pre¬ 
requisites for this journey. Besides this, a good book also comes 
in the list of essential commodity of this odyssey 

B. Singh (Ex. IES) 

I feel extremely glad to launch the revised edition of such a 

book which will not only make CSE plain sailing, but also with 100% clarity in concepts. 

MADE EASY team has prepared this book with utmost care and thorough study of all previous years 

papers of CSE. The book aims to provide complete solution to all previous years questions with 
accuracy. 



On doing a detailed analysis of previous years CSE question papers, it came to light that a good 
percentage of questions have been asked in Engineering Services, Indian Forest Service and State 
Services exams. Hence, this book is a one stop shop for all CSE, ESE and other competitive exam 
aspirants. 

I would like to acknowledge efforts of entire MADE EASY team who worked day and night to solve 
previous years papers in a limited time frame and I hope this book will prove to be an essential tool 
to succeed in competitive exams and my desire to serve student fraternity by providing best study 
material and quality guidance will get accomplished. 


With Best Wishes 

B. Singh (Ex. IES) 

CMD, MADE EASY Group 
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Thermodynamics 


1. Basic Concepts, Heat and Work 


Q.1 A rigid insulated tank of 3 m 3 volume is divided into 2 compartments. One compartment of volume 
1 m 3 contains an ideal gas at 0.1 MPa and 300 K while the second compartment of volume 2 m 3 
contains the same gas at 1 MPa and 1000 K. If the partition between the two compartments is ruptured, 
calculate the final temperature and pressure of the gas. 

[CSE (Mains) 2002 : 20 Marks] 

Solution: 

Consider the gas contained in 2 compartments A and B of the rigid tank. 

Assumption: Ideal gas behaviour of gas in both compartment. 

Let the final temperature and pressure of gas after partition is removed be T and P, respectively. 


PV _ 

0.1x1 

1 

RT ~ 

R x 300 ' 

' 300 OR 

PV _ 

1x2 

1 

RT ~ 

R x 1000 

~ 500 R 


=> 

m B = 6 m A 


1 m 3 

2 m 3 

Comparing final and initial states, 



Pi A = 0.1 MPa 

P ie = 1 MPa 


R _ P\A V A 

P(V A + V B ) 

Ti A = 300 K 

A, b = ^ K 


m A ' T\A 

(m A +m B )T 

A 

B 


0.1x1 
m A ■300 


7m A -T 


P __z_ 

T 9000 

Heat lost by one compartment = Heat gained by other compartment 
m A C p (T- 300) = m B C v (~\000- T) 

T- 300 = 6000-67" 

T= 900 K 

_ 7x7" "7 rtnri ~y ft 


9000 9000 


x 900 =0.7 MPa 


iiS*. •'*- 
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Q.2 A mass of air initially at 760 kPa and 250°C occupies 0.026 m 3 . The air is expanded at constant 
pressure to 0.07 m 3 . A polytropic process with n = 1.52 is then carried out followed by an isothermal 
process and the cycle is thus completed. Assuming all the processes to be reversible, 

(i) show all the processes on PV and TS planes 

(ii) compute the heat received and rejected in the cycle 

(iii) calculate the efficiency of the cycle. 

[CSE (Mains) 2002 : 30 Marks] 


Solution: 


Processes can be represented on P-V and T-S diagram as shown in figure. 
State 1: P 1 = 760 kPa , T A = 250°C = 523 k and V, = 0.026 m 3 


m PM 760x0.026 
m = —!—!- =- 

RT, 0.287x523 
m = 0.1316kg 

State 2: P 2 = P 1 = 760 kPa, V 2 = 0.07 m 3 
P 2 V 2 _ PM 


a 2 Polytropic 

V 



Isothermal 


=> T 2 ~ -j- • 7, = 1408.08 K V 

State 3: 73 = 7 , = 523 K 

Process 1-2: Heat exchanged = Q 12 = mC p {T 2 - 7,) 

= m ■ C P (T Z -T|) = 0.1316x1.005 x (1408.08 -523) = 117.098 kJ 

Work done = P,{V 2 - VJ = 760 x 10 3 x (0.07 - 0.026) J = 33.44 kJ 

Process 2-3: Work done in polytropic process, 

P 2 V 2 -P 3 V 3 mR(T 2 - T 3 ) 0.1316x0.287x(1408.08-523) 

2 ' 3 " I " 1.52-1 

= 64.31 kJ 

fn-y^l 71.52 — 1.40 

Heat transfer in a polytropic process = Q 2 _ 3 = -W ■ — _ - = -64.31^ —- j = -19.29 kJ 

Process 3-1 : Work done in isothermal process, 


VA f V, 

W 2 _ 3 = mRT In -y- = mRT In -y- 

v ^3 ) \ V 3 


For polytropic process 2-3 => TV n 1 = constant 

W 1 = t 2 v 2 "-' 


fToV -1 _ _ _ ( 1408.08V .52-1 3 

=a07x NH =0 ' 47m 

W 2A = 0.1316 x 0.287 x 523 x = -57.18 kJ 


For an idea! gas internal energy change for an isothermal process - 0. 
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From 1 st law of thermodynamics, 

Q = AU+ W= 0 + W 
=> C?3_i = ^ =-57.18 kJ 

Total heat transfer in the cycle 

Heat received = Q v2 = 117.098 kJ 
Heat rejected = + 0 2 . 3 = 76.47 kJ 

Total work done = W 21 + W 2 _ 3 + A = 40.57 kJ 

Efficiency of cycle = = 0.3465 = 34.65% 

Q in 117.098 


Q.3 A pressure vessel is connected, via a valve, to a gas main in which gas is maintained at a constant 
pressure and temperature of 1.4 MN/m 2 and 85°C respectively. The pressure vessels is initially 
evacuated. The valve is opened and a mass of 2.7 kg of gas passes into the pressure vessel. The 
valve is closed and the pressure and temperature of the gas in the pressure vessel are then 700 kN/m 2 
and 60°C, respectively. Determine the heat transfer to or from the gas in the vessel. Determine the 
volume of gas before transfer. 

For the gas, take C p = 0.88 kJ/kg K, C v = 0.67 kJ/kg K. Neglect the velocity of the gas in the main. 

[CSE (Mains) 2004 : 30 Marks] 


Solution: 

Consider the pressure vessel and main connected by a 
valve as shown in figure. 

Gas flows in side the vessel initially evacuated. Consider 
control volume as shown in figure. 

Applying conservation of energy for variable flow process 
of this control volume, 

dE v 

Rate of change = 



= Rate of inflow of energy - Rate of outflow of energy 


dE v _ dm dQ 
~ p ‘ dx dx 


dx 

. — = h — + — (since velocity of pipe is negligible) 

^ dx p dx dx 

Integrating, we get, m 2 u 2 - m 1 u : = h p ( m 2 - m^) + Q 

Initial mass of gas in control volume,m 1 = 0 

Final mass of gas in control volume, m 2 = 2.7 kg 

Heat transfer to or from pressure vessel 

Q = m 2 u 2 - m 2 h p = m 2 [C v T 2 - C p T J = 2.7 [0.67 x 333-0.88 x 358] 

Q = -248.211 kJ 

248.21 kJ of heat is lost from the pressure vessel. Assume initial volume of gas in pipe before transfer is V p . 
Since the gas can be assumed to follow ideal gas behaviour- 

P r V p = 5A = mfl= m(C p - C„) 

T P T 2 


_ 358 x 2.7 x (0.88-0.67) =0 145m 3 
p 1.4 x 10 s 


Hence, volume of gas before filling is 0.145 m 3 . 












At_ 

Q.4 


► 
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A fluid, contained in a horizontal cylinder fitted with a frictionless leakproof piston, is continuously 
agitated by means of stirrer passing through the cylinder cover. The cylinder diameter is 0.40 m. 
During the stirring process lasting 10 minute, the piston slowly moves out a distance of 0.485 m 
against the atmosphere. The net work done by the fluid during the process is 2 kJ. The speed of the 
electric motor driving the stirrer is 840 rpm. Determine the torque in the shaft and the power output of 
the motor. 


[CSE (Mains) 2007 : 20 Marks] 

Solution: 


Consider the system of fluid contained in the leakproof piston along with the stirrer. Work is being done by the 
piston on the fluid by stirring, through electric motor. 

As a result of this fluid moves out against atmospheric pressure and does work. 

Work done by fluid against atmospheric pressure, 

K ,m= JPc'V = P atm x(V 2 -V 1 ) 


= (1.01325x10 5 Pa)x^-(Ax) m 3 
= 1.01325 x 10 5 x - n x 0 42 x 0.485 


W a , m = 6.175 kJ 

Net work done by the fluid = = W stirrer + W atm = 2 kJ 




stirrer 


= 2-6.175 = -4.175 kJ 


Sign is negative, since this work is done on the system. 


Stirrer 





O V \ 

• V ’• • 


Piston 


Speed of rotation of motor 


W = 840 rpm = 2n x 840 
60 


rad/s = 87.965 rad/s 


Power output of shaft = ^ kJ = 6.96 watt 

Assume torque of motor as x Nm. 

Power of motor = xco = 6.96 watt 


x = 


6.96 

87.965 


= 7.91 x 10- 2 Nm 


Q.5 (i) 0.5 m 3 of gas at 10 kPa and 130°C expands adiabatically to 1 kPa. It is then isothermally compressed 
to its original volume. C p = 1.005 kJ/kg-K and C„= 0.718 kJ/kg-K. Represent these processes on 
P-V diagram. Find final temperature and pressure of gas. 

(ii) For compression work to be minimum, what should be process of compression? Is it used in 
practice? 


Solution: 

Consider the isothermal and adiabatic process as 
represented on P- ^diagram in figure. 

The gas ratio of specific heat capacities 


C P 1.005 . „ 

C v r 0.718 


For process 1-2, Adiabatic expansion (reversible) 
pi~Y 7 *y _ Q ons tant 


[CSE (Mains) 2010 : 20 Marks] 



v 
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Y-1 


T 2 = ^ 


v p i; 


= 403x| io 


1.4-1 

1.4 


= 208.73 K 


Also 


PV* = Constant 


14= v,f 5 

1 p, 


\1/Y 


= 0.5 x — 


V' 1 ) 


1oV n 
1 ) 


= 2.59 m 3 


Q.6 


For process 2-3, Isothermal compression 

T 3 = T 2 = 208.73 K 
PV = Constant 


P 3 = 


P 2 V 2 _ P 2 y 2 _ 1 X 2.59 


1/ 


3 V, 0.5 


= 5.18 kPa 


As can be seen in figure, slope of an isothermal process is less than 
that of an isentropic/adiabatic process. 

Hence area under the curve, which is equal to work done is minimum 
in case of an isothermal process. 

Isothermal process should be used in compression 
In Practise, for compression involving high compression ratios, 
adiabatic process with intercooling is employed. This method closely 
approaches an isothermal process. 




In the event of failure of heaters in a spacecraft, heat is lost by radiation at the rate of 100 kJ/hr while 
electronic instruments generate 75 kJ/hr inside the spacecraft. Initially the air inside the spacecraft is 
at 1 bar, 25°C with a volume of 10 m. How long it will take to reach air temperature of 0°C? 

[CSE (Mains) 2012 : 12 Marks] 

Solution: 


Given: q = Net heat loss rate = (100-75) = 25 kJ/hr, P 1 = 1 bar, T, = 25°C, \/= 10 m 3 

As the process is isochoric i.e., V=0 

Total heat required, Q = m C V AT = m x 0.718 x 25 


m = 

Q = 


Time = 


PM _ 100x10 
RT, _ 0.287x298 

209.877 kJ 

Q _ 209.877 
Q~ 25 


= 11.692 


= 8 hour 23 min 42.38 sec 


Q.7 A certain amount of gas is filled in a tank X until its pressure is 100 kPa and temperature is 330 K. In 
another tank /, 5 times the weight of gas in Xis filled raising the pressure to 500 kPa and temperature 
900 K. Both tanks Xand Y are now connected through a tube having a valve which is closed. Assuming 
the gas is ideal and if the valve is opened till equilibrium state is achieved, find the ratio of the volumes 
of both tanks, equilibrium temperature and pressure. The tanks are insulated. For the gas, take: 
R = 0.296 kJ/kg K and C v = 0.75 kJ/kg K. 


[CSE (Mains) 2014 : 20 Marks] 
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Solution: 

Assume final equilibrium pressure and temperature as Pand T respectively. 



□ 


P u = 100 kPa 




Pi V = 500 kPa 

T u = 330k 


% 


T 1V = 900 k 



1 


5-m x 


x y 

Since gas in both compartments has been assumed to be an ideal gas, using ideal gas equation PV= mRT, 
we get 

p xv v y 

MJu 5n v 7 i,y 

_ 100 x 1/ 500 - V v V 11 

330 ' ~ "sW ^ f y = 30 

After the valve has been opened and equilibrium achieved, final volume for gas 

V x +V = V x+ ^- =*lv 
x y x 11 11 * 

Total mass = m r + 5 m =60 m 

X X X 

_ vy, p (4w, /ii) 


R = 

41P 100 


m x'T Xx 


6 m x ■ T 
20 


66T 330 Til 

Heat exchange at constant volume takes place between the gas in compartment Xand Y. 

Heat lost by Y= Heat gained by tank X 

=> 5 ■ riv C v (900 - T) = m x ■C V {T - 330) 

=> T = 805 K 

P _ 20 

T = 41 

„ 20 

=* P= ^’ 805 = 392.7 kPa 

Final temperature and pressure are 805 K and 392.7 kPa respectively. 


Also, we have 


2. First Law of Thermodynamics 


Q.8 The ratio of heat transfer to work transfer in the process of an air compressor reciprocating type is 
1 : 4. If the compression follows PV n = constant, what is the value of n? Derive the equation that you 
use. In such a compression process the work required is 200 kJ/kg and the specific heat at constant 
volume is 0.75 kJ/kg K. What rise of temperature is expected at the end of compression process? 

[CSE (Mains) 2001 : 20 Marks] 

Solution: 

Consider an air compressor reciprocating type as a closed system in which working fluid/gas is undergoing 
process PV n = K. 
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Work done in the process = jPdV = Jk ■ V~ n dV = K 


V 


-n+1 


-iV, 


L-n + lJ 


\N- 


_ PiVi-P 2 V2 _ mR(Ti - T 2 ) 


From 1 st law of thermodynamics, 


n-1 


n -1 


dQ= dU+ dW 

Q = mC v ( T 2 - I, ) + W (Since for an ideal gas U = C V T) 

n-y 


= mR (T T) mR ( T 2 - T i) = TBSzzR 
Y-1 2 1 n -1 n -1 


y-1 


= -VZ ■ 


n-y 


Lr-iJ 


Ratio of heat transfer to work transfer = 


O 

W 


n-y 


L y-i 


Neglecting sign, 


Q_ _ n-y _ 1 

1 N y — 1 4 

=> n = 1.5 

Given: Work required in such a compression process, 

W = 200 kJ/kg 

mFtjTi -T 2 ] 
n -1 


W = 


[ R ). 

"y-i" 

U-v 

_n-1_ 


W 

— = w = -200 = 
m 

0.4 

-200 = 0-75x— (7, -T 2 ) => temp, rise = 333.33 K 


T 2 ) [*work transfer is negative] 


3. Second Law of Thermodynamics 


Q.9 A reversible heat engine absorbs heat energy from a source of hot gases whose temperature is falling 
linearly from r, to L,. The engine rejects heat to a constant temperature sink at T 0 . Assuming that any 
reversible cycle can be considered to be equivalent to an infinite number of Carnot cycles, prove that 
the maximum efficiency attainable for this heat engine is: 


1- 


Tr\ 


7 - 1-72 


■mi. 

To 


Solution: 

Consider the Carnot engine as shown above. 
Assume at the given instant engine source is at 
a temperature T. For the temperature to change 
by dT, 

Heat extracted from source by the engine 
= dQi = mC p dT 


Efficiency of Carnot engine at this instant, % 



[CSE (Mains) 2002 : 20 Marks] 




Work done by Carnot engine, dW= i\ T - dQ 1 = 



mCpdT 
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Total work done by Carnot engine when temperature of source changes from T, to T 2> 

„ = rhC. 


(T 2 -T,)-T 0 ln|^ 
' 1 


Total heat extracted from source, Q 1 = J mC p dT = rhC p (T 2 - T,) 


Minimum efficiency, r) = 


W r 


max _ 


Q 


mCpKTz-TO-TJhlTz-TQ] 

mC p (T 2 -T|) 


= 1- 
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Tn 


Ti-T, 


■In 


R 

\T 2 


Q.10 Give the Kelvin-Planck’s statement and Clausius statement of second law of themodynamics and show 
that violation of either statement implies violation of the other. A Carnot engine I operates between two 
reservoirs at temperatures of 2000 K and T K. Another Carnot engine II operates between the reservoirs 
at T K and 300 K. if both the engines have the same efficiency, determine the value of T. 

[CSE (Mains) 2002 : 20 Marks] 


Solution: 

Kelvin-Planck’s Statement: It is impossible for a heat engine working 
on a cycle to produce work continuously by exchanging heat with 
only one reservoir. 

Clausius Statement: It is impossible to construct a device which will 
produce no effect other than transfer heat from a cooler body to a 
hotter body. 

Equivalence of the two statements: Consider a H.P. as shown in 
figure which violates Clausius statement. 

If this heat pump is operated along with a heat engine as shown in 
figure, net work, LV net = Q 1 - 0 2 is produced while heat is being 
exchanged only with sink. This is a violation of Kelvin Planck's 
statements. 

Consider a heat engine as shown in figure which violates Kelvin- 
Planck’s statement. 

This heat engine is used to power a heat pump which transfers heat 
Q 2 from sink and pumps heat (0 1 + Q 2 ) to source. 

In effect this heat pump transfers heat Q 2 from sink to source without 
any external work, which is a violation of Clausius statement. 
Consider the schematic for heat engines I and II operating in series. 
For heat engine I 


Efficiency, 

For heat engine II, 


■Hi = 



T 


2000 


Efficiency, ri n = 1 - 

Since efficiency of both engines is same, 


Tli = 


300 

T 


1 - 


T 1 

2000 " T 

T = >/300 x 2000 = 774.6 K 



w ne t = Qi — Q 2 
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Q.11 A solar powered refrigeration system is run by heat transfer Q„from solar collector at temperature 
400 K and rejects heat Q A at 300 K. It receives heat Q c from cold space at 200 K. Assuming the cycle to 
be reversible, and using 1 st law of thermodynamics and Clausius inequality, find the ratio Q C /Q H . 

So|utjon . [CSE (Mains) 2003 : 20 Marks] 

Consider reversible refrigeration cycle as shown in figure exchanging heat with three sources - A, C and H 

From 1 st law of thermodynamics, 

Qc + Qh + Qa = 0 

From Clausius inequality, ^Q 

Solving this integral for given refrigerator 

Qu Q, 


... (i) 


/dQ 

= 0 for a reversible cycle 


T h T c T a 


^ = 0 


Qh Qr 


Q a 

-h 


+ 


From (i), we have, 


400 200 300 


= 0 


-(ii) 


Substituting this value in equation (ii), we get, 

Qu Q, 


Q a - -( Q c + Q H ) 


h + _ Qq + Qh 


400 200 


300 


= 0s 


1 


+ 


Qr 


1 


1 Qr 


800 Q h 

300 

Qc ( 1 

1 ) 

Q h { 200 

300) 


Qc 


q h 


= 0 


1 


1 


300 400 

1 


12 



Q.12 Two reversible heat engines A and B are arranged in series. Heat engine A rejects heat directly to B 
Engine A receives 300 kJ of heat at a temperature of 427°C from a high temperature source while 
engine B rejects heat to a cold sink at 7°C. If the work output of A is two times that of B, find 

(i) Intermediate temperature between A and B. 

(ii) Efficiency of each engine. 

(iii) Heat rejected by engine A and received by engine B. 

(iv) Heat rejected to the sink. 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 

Consider two heat engines A and B acting in series as shown in figure. 

. , T 

Efficiency of engine A, r\ A = II- 


700 

Where, T- Temperature of intermediate between A and B. 
Heat received by A, 0 1 = 300 kJ 

T 


Work output of engine A, W A = - 


W A = 300 1- 


700 
T 


fi--C) 

700 ) 


f 280 

Efficiency of engine B,t\ b = 11 —— J 




10 > 
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Heat rejected by engine A , 0 2 = Q 1 - W A 

Q 0 = 300-30011- 


fi-i-j 

700 ; 


300J1 = 3 w 
700 7 


Work output of engine, B = 


( 280 ^ 37 

l T ) 7 


According to question, 


K = 2- W s 


300fl—— I 
l 700 J 


37 ( 280 

" 7 l T 


Efficiency of each engine, 


7 = 420 K 
420 

t\ A = 1 - rrr-r = 0.40 = 40% 


^8=1- 


700 

280 

420 


= 0.33 = 33.33% 


Heat rejected by engine A and received by engine B 


'P’tcuitou 
Solved Papers 


= q_ =q 9 = 2L kJ = 180 kJ 

3 2 7 

Heat rejected to the sink = Q. = q Z± = 180x280 

4 3 T 3 420 

= 120 kJ 


Q.13 Using concept of Second Law of thermodynamics show that it is impossible to reach absolute zero 
temperature. 


[CSE (Mains) 2005 : 20 Marks] 


Solution: 

Consider a series of that engine starting from source temperature T v T 2 . 

By definition of thermodynamic scale of temperature, we get 

Ql _ R 
Q 2 “ t 2 

Q 1 - 0 2 7, - 7 2 

Q 2 _ 7 2 

T 3 _= 7 3 - 7 4 . 

l/|/| = I/I/2 = l/l/g = l/l/ 4 

Consider an infinite number of such heat engines placed in series such that 
total amount of work produced. 

W to tai = W, + W 2 + W 3 + W A .approaches Q v 

In the limiting case, when required number of such heat engines have been 
placed, Q 1 = W This is a violation of second law of thermodynamics 
since last heat engine rejects no heat to sink and produces work by 
exchanging heat with only one reservoir. 


Assume, 


and so on. 



In this limiting case, temperature of sink becomes equal to absolute zero. Since this is a violation of second 
law of thermodynamics, absolute zero can never be achieved. 














Thermodynamics 


« 11 


mnDE ERSU 


q .14 a reversible heat engine operating between thermal reversible reservoir at 800°C and 30 r,v 
reversible refrigerator which refrigerates a space at -15°C and delivers heat to a thermal reservoi 
30°C. The heat input to the heat engine is 1900 kJ and there is a net work output from the com i 
plant (heat engine and refrigerator) of 290 kJ. Determine the heat transfer to the 30°C therma reservoi. 

[CSE (Mains) 2005 : 30 Marks] 


Solution: 

Consider heat engine and refrigerator operating between source at 1073 K and sink at 303 K. 

Efficiency of Carnot heat engine = i _ . 3Q3 . = o 7176 

1073 

Heat extracted by heat engine, Q 1= 1900 kJ 
Work done by heat engine, W A = rj. 0 1 = 0.7176 x 1900 

= 1363.47 kJ 

Work transferred to refrigerator = W A - W net 

= 1363.47-290 

=> W'= 1073.47 kJ 

COP = —2- = ^8 = 5 73 

refrigerator w 333 _ 25 g 

=> 0 3 = 6154.56 kJ 

Heat transferred to 303 K reservoir by refrigerator = 0 3 + W' 

Q 4 = 7228.03 kJ 

Heat transferred to 303 K reservoir by heat engine, Q 2 

Q 2 = Q 1 -W a = 1 900 - 1363.47 = 536.53 kJ 
Total head transferred to 303 K reservoir 

Q 2 + Q 4 = 7764.56 kJ 

Q.15 Consider a Carnot cycle heat engine operating in the outer space. Heat can be rejected from this 
engine only by thermal radiation, which is proportional to the radiator area and the fourth power of the 
absolute temperature of the radiator (T,). Show that for a given engine work output and given temperature 
of the higher temperature reservoir (T H ), the radiator area will be a minimum when the ratio T, / T H = 3/4. 

[CSE (Mains) 2007 : 20 Marks] 



Solution: 

Consider the Carnot engine operating in space as shown in figure. 

Heat rejected in space by the engine, 

Q 2 A ■ T 1 4 

=> Q z = kA T* 

Yvtig |-0 K - constant 

A - radiator area 

7, - temperature of radiator of engine 
Hence, heat engine operates between sources at T H and radiator at T v 
Heat transfer to space, Q 2 = Q^-w 

=> kATf = G> 1 - w 

Also, from thermodynamic definition of temperature, 

Ql _ II =$ 

C*i T h 


Qi = 


@2 ' 
Ti 



■Workoutput- W 
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kAT‘ - w = MT, 3 T h -w 

1 1 



1 

T?<T„-TJ_ 

Differentiating A with respect to 7,, we get 

(Work done and source temperature are constant) 

For area of radiator to be minimum, 


dA _ w -3T H T? + 4T, 3 

dT ’ K [[r, 3 (r H -T 1 )] 2 



dA 

dT, 


- 37^+473 


A 

T h 


0 

0 

3 

4 


Hence, proved. 


Q.16 A Carnot engine operates between source temperature of 500 K and sink temperature of 300 K. It 
produces work utilizing the heat of 10 kj from the source at 500 K. The work produced by this engine 
is utilized by a Carnot refrigerator operating between refrigerator temperature of 200 K and sink 
temperature of 300 K. Represent schematically these engine and refrigerator operations. Find: 

(i) work produced by the Carnot engine. 

(ii) refrigerating effect produced at 200 K by the Carnot refrigerator. 

(iii) total heat rejected to the sink at 300 K. 

(iv) by how much the refrigerator temperature be increased to get double the refrigerating effect as 
per (ii) above? 

(v) total heat rejected to the sink at 300 K when the refrigerator operates as per the temperature for 
above. 


Solution: 

Consider Carnot engine and Carnot refrigeration as shown in figure. 


[CSE (Mains) 2010 : 20 Marks] 


Efficiency of Carnot engine, r| c 


^rnin _ -j _ 300 
T max 500 


0.40 


Work done by Carnot engine, W=r\ c - Q 1 = 0.4 x 10 = 4 kj 
This work is utilized by Carnot refrigerator in coding the space at 200 k. 


pop _ Q 3 T 3 200 

refrigeration w ^ ^ 300 _ 200 

=> Q 3 = 2x W= 2x 4 = 8 kj 

•*. Refrigeration effect produced is 8 kJ. 

Q 2 = Q,-W= 10-4 = 6 kj 
Also - Q 4 = Q 3 +W= 8 + 4 = 12 kJ 

T° ta l heat rejected to sink by both heat engine and refrigerator is 

= Q 2 + Q 4 = 6+ 12 = 18 kJ 
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Refrigeration effect required = 2 x 8 = 16 kJ 


COP R = —S— = — 

R 300 - T 3 4 

=* T 3 = - 6x300 = 240 K 

3 20 

Temperature should be increase by 40 K, 

240 - 200 = 40 K 
Now heat rejected by refrigerator to surrounding 

= Qg' + W= 16 kJ + 4 kJ = 20 kJ 
Total heat rejected to surroundings = 20 + 6 = 26 kJ 

Q.17 Air enters a steady flow adiabatic turbine at 1600 K and exhaust to atmosphere at 1000 K, P atm = 1 bar. 
If the second law efficiency is 85%, what is the turbine inlet 
pressure? 

What is irreversibility during expansion process? 

Given, surrounding temperature is 25°C. 

Properties of air are given in table. 


T,( K) 

h, (kJ/kg) 

s, (kJ/kg-K) 

1000 

1046 

8.6905 

1600 

1757 

8.1349 


[CSE (Mains) 2012 : 12 Marks] 


Solution: 

Consider the expansion of air in turbine as shown in figure. 
Assuming kinetic and potential energy changes of air are negligible. 
Change in availability of air between state 1 and state 2, 

X,-X 2 = (h-| - h 2 ) - T 0 (S 1 - S 2 ) 

= (1757-1046)-298 (8.1349-8.6905) 

= 876.57 kJ/kg 

This is the maximum work that can be obtained from the 
turbine operating between the two states. 


t 2 = iooo k 


P n = 1 bar 



T n = 298 K 


We know, 


T] = 


W. 


W r 


actual _ o 85 


T, = 1600 K 
P 1= ? 


max 


W = W 

actual max 


x 0.85 = 876.57 x 0.85 kJ/kg = 745.0845 kJ/kg 
Irreversibility during expansion process = W max - W actua , = 131.49 kJ/kg 
Change in entropy during expansion process 

A S= C ^ p lni-RlnS. = 1.005ln^5-R| n — 
P ^ 1600 ^ 

From Gouy Stodola theorem, we know 

Irreversibility, / = T 0 AS total 

/ 131.49 


1 


^total T 0 


298" = 0.4412 kJ/K 


AS= i.005lni^-0.287ln- =0.4412 
1600 P, 


=> P, = 24.12 bar 

Hence, inlet pressure of turbine is 24.12 bar. 
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Q.18 Prove that the cyclic integral of ratio between heat transfer and temperature of any thermodynamic 
process is less than or equal to zero. 

[CSE (Mains) 2013 : 20 Marks] 

Solution: /- n - lsothermal at T, 


■Reversible adiabatic 


Isothermal at To 


Solution: /—i— lsotherma l at T, 

Consider any general process cycle ABCD as shown p \/\ 

in figure. \ 

Assume that this cycle is made up of small cycles as shown f \ \ \ 

in figure consisting of two isothermal and two adiabatic A / \ \ Reversib,e ad 'abatic 

processes. \ \ \ \ 

This cycle takes in heat dQ 1 at temperature 7, and rejects \ \ V__ 

heat dQ 2 at temperature T 2 . \ lsothermal at t 2 

Efficiency of this cycle will be, r| = 1 - -—__ 4 

dQ -i v* 

. 1 dQ 2 x 

Efficiency of such a cycle will be less than or equal to efficiency of a Carnot cycle operating between same 
temperature. 

^ < ^Carnot 

=> i-_ Q 2 i _ Zk. 

dQ i ~ T, 


<-"i ^ f_^ + dO, 


Since d0 2 is the heat being rejected, its sign should be negative. 
_ c/O, -d0 2 

-L ^ ^ r\ 


+— 
T, T 2 


r dQ 

9 — -° 

temoeZ^n? ^ T" aS H C ' aUSiUS inequality and shows that cy^c integral of ratio of heat transfer and 
temperature of any thermodynamic process is less than or equal to zero. 


4. Entropy 


Q ' 19 the decrease in available energy when 25 kg of water at 97°C is mixed with 35 kg of water 

, the pressure being constant and temperature of surroundings is 25°C. Specific heat of water 
ls iv = 4.2 kJ/kgK 


Solution: L 

Assume final temperature of water is T’ K. 

Heat exchanged = m A C pw (370-T) = m B C pw (T-320) 
=> 25(370-7) = 35(7-320) 

^ 7= 340.83 K 

Change in entropy for 25 kg water during the process 

AS, = m A C Pi Jni-Rln§- 
'1 '1 . 

Since pressure remains constant during the process, P 2 = P v 

AS. = 25 x 4.2 x = _ 8 62 kJ / K 

1 370 


[CSE (Mains) 2003 : 20 Marks] 
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Change in entropy for 35 kg water during the process, 


A S 2 = m B 


C p.w ln-2--/?ln-^ 
'i r i. 


35 x 4.2 x In 


340.83 

320 


= 9.27 kJ/K 


Net entropy change during the process, AS = AS, + AS 2 = -8.62 + 9.27 = 0.6502 kJ/K 

We know, decrease in available energy in a process = T 0 S gen 

Since no heat transfer to or from surrounding takes place, AS = S = 0.6502 kJ/K 

gen 

Decrease in available energy of system, 7 0 AS = 298 x 0.6502 = 193.77 kj 


Q.20 Air at 17°C and 1.1 bar occupies 0.05 m 3 . The air is first heated at constant volume until the pressure 
is 4.4 bar and then cooled at constant pressure back to original temperature. Calculate 

(i) the net heat transfer to or from the air and 

(ii) the net entropy change. 

Given that for air C p = 1.005 and C v = 0.718 kJ/kg-K. 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 


Processes undergoes by the gas are depicted in the P-V diagram as shown in figure. 
State 1: P, = 1.1 bar, l/, = 0.05 m 3 , 7, = 17°C = 290 K 
State 2: V 2 =V,= 0.05 m 3 , P 2 = 4.4 bar 

PM _ 




To 


To= S.--T = —x 290 = 1160 k 


1.1 


State 3: P 3 = P 2 = 4.4 bar, T 3 = 7, = 290 k 


P3V3 


* 1 


To 


?£i 

To 


V 


\4 = Vo-^- = 0.0125 nr 


Pfor air = C -C v = 1.005-0.718 = 0.287 kJ/kgK 


Mass of gas in system = 


PV 1.1 x 10 5 x 0.05 


= 0.0661 kg 


RT 0.287 x 290 x 10 3 
Heat transfer for step 1-2,0,. 2 = mC v (T 2 - T,) = 0.0661 x 0.718 x (1160-290) = 41.28 kj 
Heat transfer for step 2-3, Q 2 3 = mC p (T 3 - T 2 ) = 0.066 x 1.005 x (290 -1160) = -57.79 kJ 
Heat transfer in the process = Q,_ 2 + 0 2 3 = -16.51 kJ 


Entropy change in process 1-2, AS, = m 

= 0.066 x 

Entropy change in process 2-3, AS 2 = m 


CJni-PInS. 
P T P 

'1 “1 


1160 4 4 

1.005 x In—— - 0.287ln—— 
290 1.1 


= 0.0658 kJ/K 


C D ln—-Pin— 

P t 2 P 2J 


= 0.066 x 1.005 xlnf-^-l =-0.0921 kJ/K 

ll160j 

Net entropy change in entire process, AS, + AS 2 = -26.3 J/K 
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Q.21 A 0.8 kg metal bar kept initially at 1500°C is removed suddenly from an oven and quenched by immersing 
it in a closed tank containing 12 kg of water kept initially at 400°C. The metal and water can be 
modeled as incompressible and the specific heat of water and metal are 4.18 kJ/kg-K and 0.5 kJ/kg-K 
respectively. The heat transfer from the tank may be neglected. Work out the following: 

(i) Draw the system and system boundary and list assumptions made 

(ii) The final temperature of metal bar and water 

(iii) The entropy produced 

[CSE (Mains) 2006 : 20 Marks] 


Solution: 


Assumptions: 

(i) Water and metal bar together are considered as a system. 

(ii) No heat loss occurs from the system boundary to surrounding. 

(iii) Heat transfer by radiation to surrounding is negligible. 

Assume final temperature of metal bar and water as 'Tj K. 

Amount of heat transferred from metal bar for a small change cfTin its temperature, dq = m m C pm dT 


Entropy change associated, dS = ^ 


wc _ ^rn^p,m^ 

T 


Integrating both sides, 


JdS = A S m = j m '" Cp ' mdT 


AS = m m C nm In —— 

m m p,m I -| 773 


System Metal 

boundary 


/ j 

Similarly, the entropy change for water = A S^m^Cp m In 

V b to 


Heat lost by metal bar = Heat gained by water 
m mC p ,m( T r^73) = m (0 C p J673-T} 

0.8 x 0.5 x (1773 -T f ) = 12 x 4.18 x {T f - 673) 


T, = 681.702 K 


Entropy change for metal bar, AS m = 0.8 x 0.5 x In 


681.702 


= -0.383 kJ/K 


Entropy change for water, AS ro = 12x4.18xln 


681.702 


= 0.563 kJ/K 


Total entropy change of system, 


AS m + AS m =0.18 kJ/K 


We know that, 


_ rdQ _ 
AS + j— =S g 


Since, no heat is exchanged with surrounding. 

if = ° 


Entropy generated = S = AS = 0.18 kJ/K 
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q 22 2 kg of air is first compressed from state 1 at 13.75 N/cm 2 and 5°C to state 2 at 48 N/cm 2 and 283°C. 
It is then throttled to state 3 until its pressure is again 13.75 N/cm 2 . Finally it is cooled at constant 
pressure to state 4 until its volume becomes 50% of that before the cooling process. Determine the 
net change in entropy. 

R = 0.291 Nm/gK; C p = 1.004 kJ/kgK 

[CSE (Mains) 2009 : 20 Marks] 


Solution: 

Consider the various processes as shown in P-V diagram. 

Process 1-2: 

Tds = dh- Vdp 
CpdT R 


We know 


dS = 


T ~p dP 



T, 

Process 2-3: Throttling process (Ah = 0) 
for an ideal gas, in throttling process, 

Ah = C p dT= 0 
dT = 0 


AS = C„ln—-Rln— 

P 7-1 ^ 

AS,., = C„ln^--RlnS- = 1.004xln^|-0.291ln^r = 0.3328 kJ/kgK 

' ^ ^ T P. /7n 


13.75 


AS,. 3 = -Rln A = -0.291 X = 0.3637 kJ/kgK 


Process 3-4: Constant pressure compression 

PA 


P3V3 


Ta 


7. = 7, A = i = i = 278 k 
4 3 l/ 3 2 2 


(since P 3 = P 4 and T 2 = T 2 ) 


ASo, = C D In— - Pin— = 1.004 In^^- = -0.6959 kJ/kgK 
P T 3 P 3 556 


.-. Net change in entropy of gas - mAS net 

= m(AS 1 . 2 + AS 2 . 3 + AS 3 . 4 ) 

= 2 x (0.3328 + 0.3637 - 0.6959) 
= 0 kJ/K 

Therefore we can conclude that point 1 and 4 are same. 

Hence the graph can be redrawn as shown: 

Q-23 Derive an expression for entropy (S) as given below 

<*-(“) 

' 'rev 

for a closed system undergoing a reversible process. 



13.75 N/cm 2 


[CSE (Mains) 2013 : 10 Marks] 
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Solution: 

Consider a general thermodynamic process ABCD. 

Let this process be broken down into smaller cycle - example 
1234 consisting of reversible adiabatic and isothermal process. 

To 


"Pl&HJOtM, 

Solved Papers 


Efficiency of this reversible cycle, 
or, 


^Carnot ^ j 


T| — 1-^ = 1 -h 
cfQ 1 T, 


T 


-dQ 2 


'1 V '2 ) 

Since dQ 2 is heat rejected, it is taken 
Similarly rest of the process A[ ‘ 


= 0 


as negative. 



dQi dQ 2 dQ, 

-=r ± + — L + - ! 

T| T 2 7 


'3 , dQ 4 , 


= 0 


if ^ 0 


r dO „ 

7t=° 


r 


i 

Now consider a cycle composed of two reversible process - /? 1 and R 2 for cycle - 

dQ 


r-r- 

r cfQ ' f dQ 

/— + /t- 


0 


r dQ = j-dQ 
J T ~ J T 


dQ 

T 


dQ 

Hence -y- represents a property since it only depends on initial 

and final states. This property is known as entropy and is defined as: 
For a reversible process - heat exchanged dQ rev at temperature T. 



Entropy change = dS = 


q 24 In a Carnot cycle, heat is received at 480°C and rejected at 40°C. The entropy of the sink 
0.0785 kJ/kg K per cycle. Determine the work done per cycle. 


increase, by 


Solution: 


on: 

Consider the Carnot engine as shown in figure exchanging heat between 
source (480°C/753 K) and sink (40°C / 313 K). 


Efficiency of Carnot engine = 1 - y = - 

*9 


313 

753 


T| = 0.5843 

Entropy of sink increases due to rejection of heat (Q 2 ) to sink, which takes 
place at constant temperature 313 K. 

Increase in entropy of sink, AS = J — = — = 0.0785 kJ/kg K 

Q 2 = 24.5705 kJ/kg per cycle 
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We know, efficiency of Carnot cycle, r| = 


0.5843 = 


W 


W 


Q, W + Q, 


W 


24.5705 + W 

=> Work done per cycle = 34.54 kj/kg 

Q.25 A fluid flowing in a tube at the rate of 0.5 kg/s is heated from 30°C to 60°C by hot gases entering at a 
temperature of 180°C and leaving at 80°C. The specific heats of the fluid and gases are 4.186 kJ/kg K 
and 1.08 kJ/kg K. Calculate the change in entropy and increase in unavailable energy for ambient 
temperature of surrounding of 20°C. 

[CSE (Mains) 2014 : 20 Marks] 

Solution: 

Consider heat exchange between the fluid and hot gases as shown in figure. 

hot gas 
T, g = 180°C 



fluid 


m f = 0.5 kg/s 
T yf = 30°C 


T 2f = 60°C 


Heat exchange rate between the two fluids = m f c pf -(T f2 -T n ) 

= 0.5 x 4.186 x (30) = 62.79 kj/s 
Heat lost by hot gases = m g ■ c pg {T Xg - T 2g ) = 62.79 

62.79 


m a = 

9 1.08x100 


= 0.5814 kg/s 


Entropy change for the fluid 

Assume fluid is present at a temperature T and dQ is the heat required for change in temperature by dToi the 
fluid. 


=> 


Entropy change, dS = 
A S f = 


dQ . Cp f dT 


T 


= m f 


T 


j dS = 3 | 3 0.5x4.186 dT 

303 ' 


0.5 x 4.186 • In 


333 

303 


Similarly, for the gas, 


= 0.1976 kJ/sK 


AS g = m g -c M ln|i = 0.5814 x 1.08 x ln||| =-o.i 567 kJ/K 

Total entropy change, AS = A S f + AS g = (-0.1567 + 0.1976) kj/s K 

= 40.98 J/s K = 41 J/s K 

ncrease in unavailable energy for a process = T 0 AS = 293 x 41 

= 12.008 kJ/s = 12 kj/s 
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Q.26 A cylindrical rod of length L Insulated on its lateral surface Is Initially In contact at one end with a wall 
at temperature T, and at the other end with a wall at lower temperature T 2 . The temperature within the 

w 2 


rod initially varies linearly with position jc according to T{x) = T, - 


x. The rod is insulated on its 


ends and eventually comes to a final equilibrium state where the temperature is T f . Evaluate T f in 
terms of T, and T 2 , and show that the amount of entropy generated is 


Sgen — TDC 


1 + In T f + 


fV in7 *- 

'1 “ h 


T,-T 2 


■InTi 


where, c is the specific heat of the rod. 

[CSE (Mains) 2016 : 20 Marks] 


Solution: 


Given. Temperature of rod varies linearly T(x) = T, - — — x . The rod is then insulated on its end to reach final 
equilibrium state of temperature T F 



Taking a small strip in the rod and calculating its change in internal energy. 

du= dm- C • {T f - 7) = (p Adx) ■ C- (T f - 7) 
du = pAC {T f - T)dx 

Now integrating the above to get the change of internal energy for the rod 


A U= p AC 


(T T\ T| - To x 2 


AU= )dU = ) p AC(T,-T)dx = P Ac)jT F -T, + T=TL x \lx 


= pALC 


(WO+^J^ 


According to 1 st law of thermodynamics (for the rod) 
A U= Q- W and since Q = 0 and w= 0 


Now, 


s gen = j dS = J j dx = pAc|[lnT F -InTJdj 

L 

L\n{T f )-j\n{T)dx 


{m = pAL) 


AL/ = 0 


S*. = (>AC 


..(») 


Since 


t= ■ ... d r= 


~T 2 _j _ -L 


■dx dx = 


T, -T s 


dT 


So. jln(7)dx= /ln(T)—cfT = flnT dT = —t_(Tlnr-rlI’ 

0 f, Ti-T 2 T, - T 2 ^ T, - T 2 1 *2 
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Jln(f)cfx = L 


T-i InTj 
\t,-t 2 t,-t. 


Jz^T 2 _-| 


...(ii) 


Substituting equation (ii) in (i) we get, 


= PALC 


In TV _ ji!!2Zl + 7 2 ln7 2 

t,-t 2 t,-t 2 


+1 


= m-C 


1 + ln7 F + 


t 2 


W 2 


\nT 2 - zr ^-\nT, 


t,-t 2 


5. Availability 


Q.27 What is the available energy i. e ., the maximum amount 
of work that can be obtained from 1 kg of air at state 

point 1 in the figure. The dead state is also marked ‘O’ in 
the figure? 


[CSE (Mains) 2001 :20 Marks] 


Solution: 

Assumptions: 



• Air is contained inside a closed system, with no heat transfer from or to the surroundings during the process 

• KE and PE changes are negligible. 

• Air follows ideal gas behaviour. 

State -1: P 1 = 10 atm, 7 1 = 600 K, Mass of air, m = 1 kg 
Dead state-0: P Q = 1 atm, T 0 = 300 K 


Volume of air at state 1, 


.. mftT, 1 x 0.287 x 600 
V, = -=-- 0.17 m 3 


10x101.325 


Volume of air at state 0, = mRT ° 

U D 


1x0.287x300 

1x101.325 


= 0.8497 m 3 = 0.85 m 3 


Difference between entropy values at states ‘O' and ‘1': 
S 1 -S 0 = 


CJn^L-RIn— 
. P T 0 P 0 


= 1 005ln |^ - 0-287lny = 0.0358 kJ/kgK 


••• Available energy of gas at state 1 with respect to dead state ‘O’. 

(fh-A = m[(ui -u 0 )-T 0 (S,-S 0 )] + P 0 (V,-V 0 ) 

= m[C v (7 1 -r 0 )-T 0 (S 1 -S 0 )] + P 0 (V 1 -V' 0 ) 
0.287 


= 1 


1.4-1 


(600-300)-300x0.0358 


+101.325 x (0.17-0.85)= 135.61 kj 


Q-28 Define availability. Explain the difference between useful work and the maximum useful work done in 
the context of availability of a closed system. Heat flows through a wall at the rate of 3 x 10 5 kJ/h. The 
temperature of the two faces of the wall are 327°C and 207°C. If the surrounding are at 270°C, what is 
the loss in available energy? 

[CSE (Mains) 2002 : 30 Marks] 

Solution: 

Availability of a system is defined as the maximum work potential of the system at the given state. Availability 
is hence the maximum amount of work which a system can perform when it comes to equilibrium (temperature 
pressure and chemical) with respect to surroundings. 
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Consider a closed system as shown in figure undergoing a volume change from V, to V 2 against atmospheric 
pressure and doing work W in the process. p o p n 

i i i i i i i i iii. . u 


Work done by system = W t 1 ! ^ t I \ | 

Work done by system in expansion against atmospheric 

pressure ^ ■ r: ! 

P 0 = P 0 (V 2 -V,) ; 

= i/v surr j~-\ h/V'. 

This work done against surrounding is not available as useful work by the system. 

Hence, Net useful work = W- W surr = W- P 0 {V 2 - V,) 

Maximum useful work that can be obtained from a closed system is defined as the availability of the closed 
system. 

Availability of a closed system, X =(e - e n ) -Us- s n ) - 

0' O' 0 / T M = 270°C 

Where, e = Energy of system at given state 
5 = Entropy of system at given state. 

Consider the well as shown in figure q *“ 

Heat being transferred through the wall, 

7"i = 327°C—► ^ t — on7 o p 

q= 3x10 5 kJ/h = 83.33 kW l_ \ 2 

Rate of entropy generation in the system 



>— 
& 




r. * ‘ 


M j t 


T„ = 270®C 


T, = 327°C 


- T 2 = 207°C 


AS= -5l + 5l = 83.33[--l- + — 1 = 34.72 J/ks 
T, T 2 l 600 480. 


Los in available energy = T Q AS = 543 x 34.72 = 18.853 kJ/s = 18.853 kW 

Q.29 6 kg of air at 600 K and 5.0 bar is enclosed in a closed system. 

(i) Determine the availability of the system if the surrounding pressure and temperature are 1.0 bar 
and 300 K. 

(ii) If the air is cooled at constant pressure to the atmospheric condition, determine the availability 
and effectiveness. 

For air take, C p = 1.005 kJ/kg.K 

C v = 0.718 kJ/kg-K and R= 0.287 kJ/kgK. 

[CSE (Mains) 2005 : 30 Marks] 

Solution: 

Given: m = 6 kg, P = 5 bar, T= 600 k, P 0 = 1 bar, T Q = 300 K 

Assumption: 

Air behave, as an ideal gas. 

Changes in KE and PE are negligible. 

Volume of air at given state, V = ■ ----- =- 5 -= 2.0664 m 3 

P 5 x 10 z 


Volume of air at surrounding conditions, 

_ mRT 0 6 x 0.287 x 300 
°” P n 1 x 10 2 


= 5.166 m 3 
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Entropy change when gas moves from current state to surrounding state 


AS = S - S n = m 

C„ In^- 

P~ 

- Rln—- 

= 6 

1.005ln 600 0.287ln— 

U 

To 

Po. 


300 1_ 


= 1.408 kJ/K 

Availability of the system at the given state = (j> - <j> o 

= (U + P 0 V-T 0 S)-(U 0 + P 0 V 0 -T 0 S 0 ) 

= (U-U Q ) + P 0 {V~ v 0 ) - T 0 (S-S 0 ) 

- mC^T- T q ) + P q (V- l/ Q ) - Tq. AS 

= 6x0.718 x (600 -300)+ 100 x (2.0664 -5.166)-300 x 1.408 
= 560.04 kJ 

Now air is cooled from this state to surrounding conditions at constant pressure. 

Heat transferred at constant pressure from air for a small dT change in temperature, dq = mC dT 
Maximum work (reversible) done possible with this heat transfer 


Tr 


^Carnot ’~ 

Availability of air in this process = Maximum reversible work possible 


1-^- mC D dT 
T H 


= l( 1 ~y-) mC p rfr = J ^1-y-j-(6x1.005)dT 


= 555.1 kJ 

Q.30 Define 'Availability' with regard to system. What is the other term by which this property is also referred 
to? Also derive an expression for “A" (the availability) for a reversible cycle in which heat *Q’ is withdrawn 
The cycle works between temperature T and T 0 . 

SoJutjon _ [CSE (Mains) 2009 : 20 Marks] 

Availability of a system is the maximum useful work potential of a system at the given state. Availability is 
equal to the maximum work obtainable from the system when it moves from the current state to a state of 
complete equilibrium with the surroundings (also known as dead state) - temperature, pressure and chemical 
equilibrium. 

Consider a Carnot cycle as shown in figure which 
extracts heat from source at temperature T and rejects 
it to surrounding at temperature T 0 . 

Work 'W' is produced by the Carnot engine during the 
process. This is the maximum work which can be obtained 
by any cycle (reversible work) and hence, as per the 
definition of availability. 

Availability, A = l/V max = W Carnot 


(source/lj 



Q 

Heat Engine 




= i-i 

T 


Efficiency of Carnot engine 

Work obtained, W = j\ c x Q => 
Availability, W = i-i^Q 




W= (l-y}o 







Civil Services Mains 


24 


Mechanical Engineering • Paper-H 


‘Pievitoit 

_ _Solved Papers 

Q 31 The temperature of product of combustion in a boiler decreases from 1100°C to 550 C while the 
pressure remains constant at 0.1 MPa. Water at 0.8 MPa, 150°C is converted into steam at 0.8 MP a , 
250°C with the surroundings is at 100 kPa and 25°C. Sketch the control volume depicting the terminal 
and process conditions and show on a T-s diagram the processes. Calculate the following*. 

(i) change in availability of water on unit mass of water basis. 

(ii) change in availability of product of combustion per kg of water. 

(iii) process irreversibility per unit mass of water. 

(iv) second law efficiency, and 

(v) entropy generated per kg of water. 

Take average specific heat of product of combustion as 1.09 kJ/kg-K. Specify enthalpy and specific 
entropy of water at 0.8 MPa, 150°C are respectively, 632.2 kJ/kg and 1.8418 kJ/kg-K and that of steam 
at 0.8 MPa, 250°C are respectively 2950 kJ/kg and 7.0389 kJ/kg-K. 

[CSE (Mains) 2010 : 20 Marks] 

Solution: 



Water 150°C 


Combustion 
products 1100°C 



Steam 250°C 

Combustion 
products 550°C 


T 0 = 298 K 
P 0 = 100 kPa 


Boiler tube 


Control volume 


(i) Change in availability of water on unit mass of water basis 

= X 2 -X 1 = (h 2 -h 1 )-T 0 (S 2 -S 1 ) 

[Assuming KE and PE change are negligible] 

= (2950 - 632.2) - 298 (7.0389 - 1.8418) 

= 769.06 kJ/kg 

(ii) Heat exchanged between combustion products and water 
in boiler 

— (rnCpAT) com ^ usbor[ 

products m w (Ah)wat e r 

=> m • 1.09 • 550 = m w ■ (2950 - 632.2) 

=> m = m • 3.866 

W 

For 1 kg water, m = 3.866 kg 

Availability of combustion products at 1100°C = Maximum reversible work that can be obtained when gases 
achieve surrounding conditions from current state 

298 / pqn\ 298 ✓ 

*1100-0 = w max= J h—^ -(mCp dT) = -3.866x1.09. ] 1~£2°W =2611.62kJ 

1373 V J imn' ' * 



1373 

298 


298/ pqo\ 

*550-0 = ^ max = ] 1--y (-™C p dT) = 936.645 kJ 
823 v y 


.*. Change in availability of combustion products per kg 

Water = ^iioo°c ~ ^ 55 o°c = ^ kJ 
This implies a reduction in availability of combustion products. 

(iii) Process irreversibility per unit mass of water 

= Availability supplied by combustion products - Availability recovered by water 
= (1674.98 - 769.06 kJ) = 905.92 kJ 
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(iv) Second law efficiency, 

= Exergy recovered = j 6 _ 9 _£ 6 _ = 4591 o /o 
Energy supplied 1674.98 

(v) We know, from Goiiy Stodola theorem: 

Irreversibility in a process 

= I = T q AS total 
Total entropy generated, 


AS, 


total 


Tn 


905 92 

——r— = 3.04 kJ/K per kg of water 
298 M y 


q. 32 Nitrogen flows in a pipe with velocity 300 m/s at 500 kPa, 300°C. What is availability with respect to an 
ambient atmosphere at 100 kPa and 20°C? 

[CSE (Mains) 2012 : 12 Marks] 

Solution: 

Consider flow of Nitrogen as shown in pipe. 

Availability of Nitrogen for flow in given conditions, 



X = (h - h 0 ) - T 0 (S- S 0 ) + — + gz 

Assuming pipe is at the same level of elevation as ground, z = 0 
for nitrogen,molecular mass = 28 gram/mol. 

• Gas constant for N 0 = R= — = = 0.2969 kJ/kg K ; yfor N z (since it is diatomic) = 1.4 

* M 28 


V = 300 m/s 
P = 500 kPa 
7 = 300°C 

T 0 = 293 K 
P 0 = 100 kPa 



c - J5. 

L p y-1 


= 1.03925 kJ/kg K 


T P (573 

S-S n = CJn— -flln—= 1.03925 x In 

U P T P I 

In 


Po 


293 


-0.2969ln 


( 500 
100 


= 0.2192 kJ/kg K 


Availability of N 2 flowing, 


x= (h-W-US-SJ+'j- =C p (T-T 0 )-T 0 (S-S 0 ) + ^ 

300 2 

= 1039.25x(573 -293) - 293x(219.2) + —= 271.764 kJ/kg 

q 33 Define availability of a closed and steady-flow system. Atmospheric air is compressed steadily from 
100 kPa, 27°C to 500 kPa,117 0 C, by a compressor that is cooled only by atmospheric air. Neglecting 
kinetic energy changes, determine the minimum work recjuired per kg of air compressed. 

rORF /MaincN 001*5 • If; MorLd 


Solution: 

Availability of a system can be defined as the maximum work that can be obtained when a system arrives at 
the dead state or environmental conditions from the current state. 

For a closed system, availability of a system is defined as below- 

v 2 

Availability, X = (U- u 0 ) + P 0 (V- v Q )- T Q (S- S 0 ) + — +gz 
where, P Q , V/ Ql T 0 denote ambient conditions. 

For a steady flow system, availability also includes work potential of flow work, along with that of closed 
system as above. 

Work potential of flow work= PV- P 0 V = (P- P Q ) v 
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X - (h h Q ) - T 0 (S - S 0 ) + — + gz 
Consider steady flow compressor as shown in figure 
Assuming ambient conditions as, 

P 0 = 100 kPa 
T _ 298 K 

to thp m' in availability a ' r ' n *^' S stead y flow process will be equal 
to the minimum compression work required 

Neglecting changes in kinetic and potential energy, 

Change ,n availability = X 2 -X, = (h 2 r o (S 2 -S,) 

Channo in . F ° r air ' C P = 1 ' 005 kJ/k 9 K - R = 0 287 kj/kg K 
Change in entropy of air in the process, 



100 kPa 
27°C/300 K 


s 2 s i = C p \r\~ - Rln-^- = 1.005xln^-0.287ln|^ =-0.1982 kJ/kg K 


300 


100 


P: 

Change in availability = AX = {h 2 ~h,)~ T 0 (S 2 -S,) = Cp (T 2 -TJ-T 0 AS 

= 1.005 x (390 - 300) - 298 x (-0.1982) = 149.52 kJ/kg 
Minimum work required by compressor, 

W mjn = AX = 149.52 kJ/kg 


6. Gases and Mixture 


Q.34 A perfectly insulated chamber is divided in two parts by a diaphragm. 1.0 kg of oxygen is stored in one 
part while 7.0 kg of hydrogen is stored in another part. Both the gases are at the same temperature 
and pressure of 450 K and 1.0 bar respectively. They are mixed together by removing the diaphragm. 
Determine the loss in availability after mixing if the surrounding temperature is 290 K. The value of 
universal gas constant 

R 0 = 8314 J/kg-mol-K. 

[CSE (Mains) 2004 : 30 Marks] 

Solution: 

Consider the two gases in insulated chamber before diaphragm between them is removed 
Universal gas constant, R 0 = 8314 J/kg-mol-K 


Gas constant for oxygen, R 02 = 


R 0 _ 8314 


M 


32 


= 0.2598 kJ/kg K 


P 0 8314 

Gas constant for hydrogen, ^h 2 = ‘/\4 ~~ ~~2~ = 4457 K 

Ratio of specific heats for 0 2 (diatomic), 

y = 1.4 

Ratio of specific heats for H 2 (diatomic), 

Y = 1.4 


O* 

Ha 

= 1 kg 

= 7 kg 

T, = 450 k 

Ti = 450 k 

Pi = 1 bar 

Pi = 1 bar 


Diaphragm 


= -^L = 0.6495 kj/kg K ; C H = ^- = 0. 

v — 1 '2 y — 1 


' v '°2 Y -1 


.6495 kJ/kg K 
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w , <rt , , 1x0.2598 x 450 

Volume of 0 2 compartment, V Q = —— 

2 n 


^1- =1.1691 m 3 


1x10* 

Volume of H 2 compartment, V H = ? x 4-157 x 45 0 _ ^ 30^5 m 3 

2 H2 IxlO 2 

Total volume of both compartment, V = 132.12 m 3 

Pressure and temperature of both gases remains constant after mixing two. 

Entropy change for 0 2 , AS 1 = m 1 


C v In^+RIn^- 

m Vi 


= lx 


0.2598ln 


Entropy change for H 2 , AS 2 = m 2 


( 132.12 \ 
11.1691 J 

CJni + RIn^ 

H J 


kJ/K = 1.228 kJ/K 


= 7 x 


Ti 


4.157ln 


132.12 


= 0.2588 kJ/K 


130.95J 

Total entropy change = 1.228 + 0.2588 
AS = 1.487 kJ/K 

Loss in availability post mixing = T 0 AS= 290 x 1 .487 = 431.23 kj 


7. Thermodynamic Relations 


Q.35 Develop the Clapeyron equation for the pure substance changing the phase. Hence find the enthalpy 
of evaporation for R-22 at -10°C and compare the same with the tabulated value. What is the percentage 
error involved? 

Properties of R-22 


T s , °C 

P s , kPa 

V p litres/kg 

V g , m 3 /kg 

/i fc , kJ/kg 

-20 

244.72 

0.7409 

0.0929 

220.331 

-10 

354.16 

0.7587 

0.0654 

213.136 

0 

497.41 

0.7783 

0.0472 

205.369 


[CSE (Mains) 2001 : 30 Marks] 

Solution: 


Consider variation of saturation pressure with saturation temperature. 
During a phase change process, saturation pressure which varies 
only with saturation temperature 


sat 


= J(T, at) 

f dS_ 

{dV 


'BP_ 

JTj v 

From Maxwell’s equation, we have 

'BP} _ 73S 
BT) V ' [dV 

'dP^ 

1 'sat 

TdS 


(: 


S n ~ Si 


= V„-V< 


9~ v f 
= dh - vdp 



Also, 
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During phase change process, dp = 0 (pressure remains constant at P sat ), 

TdS = dh^ S -S,= % 

** I 

From (i) and (ii), we get: 



This equation is known as Clapeyron equation. Calculating housing Claperon equation 


m 

(A P' 

) _ ^sat@20°C ^sat@0°C 

497.41-244.72 

v /sat@-io°C 


'sat@-10°C 20 

20 
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12.6345 kPa/K 


( dP 

h fg = J xTxV fg = 12.6345 x 263 x (0.0654-0.0007587) = 214.8 kJ/kg 

Tabulated value of the h fg@wOQ = 213.136 kJ/kg 

Error % = 0.78% 

Hence, value of h fg obtained is very close to the tabulated value. 

Q.36 Prove the following for an ideal gas: 


dV _ dP 
dS = —+C V — 


Using this result show that for an ideal gas undergoing an isentropic change of state with constant 
specific heat PVi = constant. 


Solution: 


[CSE (Mains) 2004 : 20 Marks] 


For an ideal gas, internal energy and enthalpy are functions of temperature alone. 

dh = C p dT and du = C v dT 
Also, ideal gas equation holds, PV- PT 
From 1 st law of thermodynamics, 


also, 


From (i) 

From (ii) 

Combining (iii) and (iv), 


q = dU + V\! = du + pdV 
q = TdS = du + PdV 
h = u + pv 

dh = du + pdV + vdp 
TdS = dh - vdp 
TdS = C v dT+pdV 
TdS = C p dT- vdp 

TdS - PdV _ TdS + vdp 


We know, 


TC p dS- PC p dV = T C v dS + VC v dP 
TdS(C p -C v ) = T C p dV+ VC v dP 

c P -c v = R 

RTdS = PC p dV + VC v dP 
PVdS = PC n dV+ VCjdP 


dV 


dP 


dS = C p — + C v — 


p v p 


...(i) 


... (ii) 
... (iii) 
... (iv) 


Hence, proved 
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For isentropic process of an ideal gas, 

dS= 0 


. Q _ r dV cfP_ n 
dS - C p y +C V p - 0 

dP _ _£p P = _ P 
dV ~ C'V y V 


where y-ratio of specific heats of ideal gas. 


dP 


dV 


Integrating both sides, we get 


where C is a constant. 


P y V 


In P = - y In V + In C, where C is a constant = In (• C) 
P = \n- C 
PVi = C 


Q.37 Using Maxwell’s relations, show that for a pure substance, 


TdS= C p dT- T v$ dp = C v dT + T^-dv = — ' /dp + ^dv 

K P Pv 

where p is the coefficient of cubical expansion, K is coefficient of compressibility and C , C v are 
specific heats at constant pressure and constant volume respectively. 

[CSE (Mains) 2005 : 20 Marks] 

Solution: 

For a pure substance, for an internally reversible process, we have - 

TdS=dh-vdp /;\ 


Coefficient of cubical expansion, p= 



From (i), for a constant pressure process dp = 0 

TdS = C p dT~ vdp 



Considering entropy ‘S’ as a function of T and P. The, 


dS = 


as 

ar 


cTT + l || | dP 
or 


From Maxwell’s relations, we get, 


=-p • v(from definition of p) 


Substituting above and value of C p in eqn. (ii) above 

Q 

dS = ~j~dT + (~p • v)dP 

=> TdS = CpdT-Tv^ dP Hence, proved. 

By definition of coefficient of compressibility, 


- (ii) 



30 


Civil Services Mains 


Mechanical Engineering • Paper-ll 


'Pteuiout 
Solved Papers 


Consider entropy as a function of ‘ T and * V. Then 


From Maxwell’s equation, 



"asA 


,avj r " 

From TdS relations 



TdS = 

For a constant volume process, 

dV = 

=> 

c v = 


3P 

37 


as 
ar f 

Also since P, V and 7are independent variables, applying cyclic relation, we get 
317 


an ran ran 
37 L'UpI'UvI = 




'V 

UdV 
vl 37 


irav 

viap 


p _ - 


ap 

37 


[Using reciprocity relation, 


BV 

3P 


=i-i i 

1 dV 1 J 


p (W 


K 


37 


Substituting value of C v in equation (iii), we get 


dS = 


— V 


C,dT 


7 


+ 


a p 


I y v 


Bf ldV = 


-^L + l d V 


7dS = C v dT + ^-dV 
K 


7 K 
Hence, proved. 


Considering entropy as a function of ‘P’ and ‘ l/’, 

ras 


dS = 


^ dp+nn dv 


From definition of K. C v and p, we get 


\dPy v 


-1 fdV 


as 


av 


KC V _ V \dP )j 

p ~ l.favs 

v v37Jp 


f—1 

U tL 


37 


ap 


• ^ -7- ^ = -7 


as 


37 


as 

37 


(II 


From Maxwell’s relations, we get 


3P 

37 


_ ran 
lavj 7 


From reciprocity relation, — 


as 

av 


KQ 


V _ 


r ay A 
v as J 7 


-'■'I? 


*| —T 

as 




37 

av 


lai/Jc 


... (iii) 


(iv) 


(v) 
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From Maxwell’s relations, we get, 


ar 

ay 


1 4-1 

J, l as A 


KG 


T 


asl 


= T 


dS' 

dP 


dS' 

dP 


_KC V 


P T 


T 


Similarly, 

From Maxwell's relations, we get, 


-P- = 


9\/ 

ar 


a 


(1 

dV] 

arj P 


ras 

ap 


as 




'an 
>> as > j 


^P 


= -r- ^ • — 


ar 


ap 


as 


For three independent variables S, 7, P from cyclic relation, 

as^i ran rap 


ar 


ap 

as 

ar 


as 




) f —) 

) P I as J T 




From Maxwell's relations, 


as 

dT 


ar 

ap 

ap 

as 

c r 


p.\/ 


'ar 

,ap J s 


ay N 

as, 

-i 

ay 

as 


T I ^ 

= -T x- — 


as 

ay 


au 


= rf—1 = l£t 


yp 






From (v), (vi) and (vii), we get, 


dv) p rpy 


dS = ^dP + =$^dV 


P^ 


rpy 


(Vi) 


(vii) 


KC C 

=* 7ofS= + Hence, proved. 

Q-38 With the help of Maxwell's relation of thermodynamics, prove that Joule-Thomson coefficient, \ij of a 
gas is given by the following expression: 




f—) - 7-2 

3 (\ 


Up A c p 

ST U 

r l. 


[CSE (Mains) 2006 : 20 Marks] 
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Solution: 

By definition of Joule Thomson coefficient, 

-(f), 

Consider entropy S as a function of Tand P, 


Also from TdS relations 


We know, 

Also from Maxwell’s relations, 


UtJ/UpJt 


dh = TdS + vdp = T^||j dT + v + T^||j dp 


c = rf—1 
p UrJ, 


(SI ■ -(SI 

Hence, we get d h = C p dT + v-(—) -T dp 

L V^Up J 

For a process with constant enthalpy, dh = 0, 


dT\ _ _~i v _ T fBv 

apj h ■ Cp[ v Ur 


a fv 

arlr 


From (i), (ii) and (iii), we get 


-i i (av^ i r ( av^\ 

r 2 TydTjp t 2 L varJ P _ 


n = f—1 =_L.T 2 JLfx. 

J Up ) h c p [arlr 


^ = (§1 = y ^ft) P ] hence ' pr ° ved 


... (ni) 


RT K 

Q.39 The equation of state of a certain gas is v = — + — (where K is a constant). Show that the change 

in temperature during throttling (enthalpy before and after remains the same) of such a gas from an 
initial pressure P 1 to a final pressure P 2 is given by 

T 2 _ T 2 P _ P 
'2 ; 1 _ r 1 r 2 

4 K C„R 


where, C p is assumed constant during the process 1-2. 


Solution: 

Consider entropy ‘S’ as a function of 1 T and S, 

<*- (SLMII* 

Substituting this value of ds in TdS equation 

TdS - dh - vdp 


[CSE (Mains) 2008 : 20 Marks] 
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=> dh = TdS + vdp = 

Consider enthalpy h as a function of T and P. Then 




+ V 


dP 


dh = 


(dh} 1 17 aM 

lafJpr + [lapJr 


dP 


= C p dT + 


From Maxwell’s equation 


From (i) and (ii) 


v9Ty 


dP [By definition of C ] 


r dS 

<dP 


) = _r^ =* (Bh) =v _ T (w) 
h UlJ P Up Jr UtJ 


dh = C p dT + 


In this case, enthalpy is constant. 


v-r(— 

Ut 


dP 


dh = 0 


(dV 

,dT 

.(dv 


} = _3_( r RT + _k} _ R k 
J P dT\ P + RT) P ~ P RT 2 


Ur 


RT 


V-T—\ =V~ —+ — = — + —= 


2k 


dh = C P dT + 


2k 

-C p dT= -dP 
2k 

-T • C dT= —dP 
p R 


RT RT RT RT 
dP =0 


(dV 
V-T — 

U T 


Integrating both sides with in proper limits, 

^2 


-cRr-dT = dP 


T 


-C 


R 


T-iT 2 ]^ = ^[P]£ 


C p (Tj-T 2 ) 

4 

T2 t2 
1 2 “ '2 


R 

_ —(p - p ' 

P Pl 2> 
P,-P 2 


4/c 


C p P 


Hence, proved. 


(i) 


(") 


Q.40 Define the Joule-Thomson coefficient and prove that for an ideal gas, the value of Joule-Thomson 
coefficient tends to zero. 

[CSE (Mains) 2009 : 10 Marks] 

Solution: 

[Refer Question Number 38] 

From Maxwell’s relations, we know 

(dV 


(dS' 

Up Jr “ 


Ur 
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For an ideal gas, 


dh = c od r + [v-(f) p .r] dP 

dh = 0, C„cfT+ V-f^ | T c 
L Jp I 


dh - 0, C p dT + 


■T\dP 


PV= RT 


V= RT/P 


UpJo “ P 


Hence for an ideal gas 




-IT (W\ -I 

'-■cjrlarH- 0 


Q.41 Derive equations for the change in internal energy and entropy of a gas which obeys the Van der Walls 
equation of state. 

[CSE (Mains) 2009 : 15 Marks] 


Solution: 


From Van der Waals equation, 


dU= C v dT + r(!£) -p]dv 
\d I )[/ 


( p v) v - t » 

p + 4 = r 

V 2 v-b 

RT a 
~ v-b V 2 
fdP\ _ R 
Idrjy v-b 

t(—) -P = ——P = 
{dT J v v-b 


dU = C v dT + —z-dV 
v* 


Assuming C v stays constant for the gas over given range of temperature. 
Integrating within proper limits, we get 

( i i ^ 

• i ii / nr nr \ I 1 1 


U 2 -U, = C v (T 2 -T,)+ --- 


Vi v 2 


This is the required expression for internal energy change for a gas following Van der Waals equation 
Expressing entropy S as function of T and V, 


-(Ma* 
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By definition 

From Maxwell’s relations, we get 


dS 

BV 


C = 

v Ur 


i ■ (If 


dS = 


For a gas obeying Van der Waals equation 


il 


dV + C y dI_ 
T 


3P 

dT 


RT a 

P = r—2 

v -b v* 

^ R 


N 


c/S = 


v-b 
R 


v-b 


\dV + 


C, dT 


\' ~) 

Assuming C v as constant and integrating, we get 


S 2 - S 1 = ft In 


ftln 

v 2 b 

+ C v 

In 



Vh - b 
\ 1 ) 



h) 


This is the required expansion for entropy change. 


(an (*V\ fdp y 
Q.42 Derive (^j s =( 3 sj p , 

assumptions needed here. 



fds) 

, 37 jp = 13ft J 7 from the first P rinci P les - Explain any 


[CSE (Mains) 2012 : 20 Marks] 


Solution: 

Assumptions: 

• Relation involving entropy calculations (T- dS relations) are valid only for an internally reversible process. 
However, results from these equations are valid for irreversible processes as well. 

• Only boundary work or (ft* dV) work has been considered. 

From 1st law of thermodynamics, we have 

dQ= dU+ 6W= dU+ PdV 


By definition of entropy change, we get 

dQ 
T 

dQ = TdS 
TdS = dU+ PdV 


dS = 


From definition of enthalpy, we get 

h =u + pv 

=> dh = du + pdv + vdp 

TdS = {dh- pdv- vdp) + pdv 
=» TdS = dh - vdp 

Helmholtz function (a) and Gibb's function ( g ) are defined as below 

a = u-Ts 
g - h-Ts 

Differentiating above two functions, we get 

da = du-TdS-SdT 


... (i) 


... Oi) 
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From(1), we get 


From (2), we get 


da = -SdT - pdv 
dg= dh-TdS-SdT 


- (iii) 


dg = vdp - SdT ... (j V ) 

Since enthalpy ( h ), internal energy (u), Helmholtz function (a) and Gibbs function {g) are properties of system 
and hence continuous point function with exact differentials, we get 


From (2) 


From (3) 


From (4) 


Hence, proved. 


57 

5P 

dP 

57 

dV 

57 


dh = TdS + vdp 
fdV 


Us 


da = -PdV- SdT 

5S 
5V., 
dg = vdp - SdT 

5S 
5P 


Q.43 Hot gases enter the blades of a gas turbine with a velocity of 550 m/s and leave with a velocity of 
120 m/s. There is an increase in the enthalpy of the gases in the blade passages to the extent of 
5.1 kJ/kg. The rate of gas flow is 98 kg/min. Determine the power produced. 

[CSE (Mains) 2013 : 15 Marks] 

Solution: 

Given: V 1 = 550 m/sec, V 2 = 120 m/sec, Ah = increase in enthalpy = h 2 - h 1 =5.1 kJ/kg, 
hh g = 98 kg/min = 1.63 kg/sec 

Assuming the flow of hot gases through the gas turbine to be adiabatic process. 

Q = 0 


Q-W = rh 


W 


= m 


(h 2 -h 1 ) + 


(hi -h 2 ) + 


( vi-v^ 


'v?-vp 


= 1.63 


(-5.1) + 


550 2 -120 2 
2000 


1 = 226.4885 kW 
Power produced is l/V = 226.4885 kW. 

Q.44 Show that the slope of a reversible adiabatic process on a temperature vs pressure diagram, when 
multiplied by c p is give by TVfi. 

[CSE (Mains) 2015 : 10 Marks] 

Solution: 

Consider three independent variables- P , Sand 7. 

Using cyclic relation for partial differentials of independent variables, we get 

SUIKIl- 
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From(i) 


ar 

3P J 


-1 


(ii 


3P 

as 


/T 


as 

ar 


i ( 


as^j 

arjp 

[from reciprocity relation, - 


From Maxwell’s relations, we get 


as 

ap 


dV 

dT 


We know ' ras =dh- vdp = C p dT- vdp 

For a constant pressure process, dp = 0 

=* TdS = C p d T-0 = C p dT 


as 

ar 


T 


Solving (ii), (iii) and (iv), we get 


We know, volume expansion coefficient, 


fdV 

fdV' 

Up, 

s ~ uu 


T_ 
p C P 


P V{dT 


(dV\ 


3 T 


/P 




Cp x 


-1 -P- 

dP)s - P 

an 

apj q ~ P v 


Cp 


as jr 


as 

ap 


... (iii) 


... (iv) 


Hence, proved. 


Q.45 Dry saturated steam at 5 bar enters a convergent-divergent nozzle at a velocity of 100 m/s The exit 
pressure is 1.5 bar. The throat and exit areas are 1280 mm 2 and 1600 mm 2 respectively. Assumina 
isentropic flow upto the throat and taking the critical pressure ratio as 0.58, estimate the mass flow 
rate. If the nozzle efficiency is 0.973, determine the exit condition of steam dryness fraction. Show the 
process on T-S and h-s diagrams. " 


Properties of Steam A 

P 

(bar) 

Enthalpy (kJ/kg 

Entropy (kJ/kg K) 

Volume (m 3 /kg) 

hf 

h fg 

Sf 

6 fg 

v f 

s fg 

5.0 

640.23 

2108.5 

1.8607 

4.9606 

0.00109 

0.3708 

2.9 

556 

2168 

1.660 

5.344 

0.00107 

0.6253 

1.5 

467.11 

2226.5 

1.4336 

5.7897 

0.00105 

1.158 


[CSE (Mains) 2015 : 20 Marks] 


^ - 100 m/sec, P 1 = 5 bar, P 2 = 1.5 bar, A* = 1280 mm 2 , A, = 1600 mm 2 

P* 

— = 0.58 => P* = 0.58 x 5 = 2.9 bar 
*1 



Solution: 

Given: 
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From table given: 

So, 

Energy equation will give 


h 0 = 2108.5 + 640.23 = 2748.73 kJ/kg 
S Q = 4.9606 + 1.8607 = 6.821 kJ/kg-K 
S* = 6.8213= 1.660+.t*(5.344) 
x* = 0.966 

h* = 556 + 0.966 (2168) = 2650.28 kJ/kg 


"o+Y = h + Y" 


2748.73 +1122)1 = 2650.28+ v 


*2 


2000 2000 
Velocity, v * = 454.84 m/sec = ( v f )* + x*(v fy ) 

v* = 0.00107 + 0.966 (0.6253) = 0.605 m 3 /kg 


Mass flow rate (ifi) = 


m = 


* * 
A V 


1280 x 10 -6 x 456 


Nozzle efficiency (t|) = 0.973 = 


0.605 
h* -h A 


= 0.965 kg/sec 


■tu 


0.973 = 


2650.28-h, 
2650.28 - h 


Is 


Also, 


From (i) and (ii) 


S 0 = S 1s = 6.8213 = 1.4336 + x 1s (5.7897) 
= 0.93 


Ms 


^is = 467.11 + 0.93 x 2226.5 = 2537.75 kJ/kg 


0.973 = 


2650.28 - th 


2650.28-2537.75 
= 2540.8 kJ/kg 

Letx 1 be the exit condition dryness fraction 

= (^)l.5bar + *l(tyg)l.5bar 

2540.8 = 467.11 +x 1 (2226.5) 
x 1 = 0.932 


...(ii) 
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Fluid Kinematics 


Q. 1 With the help of a neat sketch explain the concept of a flow net. Clearly mention the various assumptions 

made. Also explain the uses of flow net. [CSE (Mains) 2012 : 12 Marks] 

Solution: 

Flow Net: A grid obtained by drawing a series of equipotential lines and stream lines is called a flow net. The 

flow net is an important tool in analysing two-dimensional irrotational flow problems. 

Uses of flow net: 

1. Estimation of seepage loss from reservoir: It is possible to use the flow net in the transformed space to 
calculate the flow underneath the dam. 

2. Determination of uplift pressures below dams: From the flow net, the pressure head at any point at the 
base of the dam can be determined. The uplift pressure distribution along the base can be drawn and 
then summed up. 

3. Checking the possibility of piping beneath dams. 

Assumptions: 

1. Flow lines and equipotential lines 
intersect each other at 90 degrees. 

2. The areas bounded by the flow lines 
and equipotential lines form 
approximate squares. 

3. Flow nets must satisfy the boundary 
conditions of flow field. 

4. The potential drop in any two 
consecutive equipotential lines is 
same/constant. 

5. Flow lines and equipotential lines are 
smooth curves. 

6 . Flow lines do show refraction at the interface between two soils having different coefficient of permeability. 
Flow Nets: Flow around sheet pile wall. 



2. Fluid Dynamics vf ° v Jr 


Q.2 Write Bernoulli’s equation and the conditions for which it is valid. If a fluid obeying Bernoulli’s equation 
has elevation, velocity and pressure at a point as 30 m, 50 m/s and 50 bar respectively, calculate the 
total energy per unit mass of this fluid if its density is 1000 kg/m 3 . 


[CSE (Mains) 2013 : 10 Marks] 
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Solution: 

Bernoulli s equation is obtained by integrating the Euler’s equation of motion as, 
■dp 


Solved Papers 


+ Jgdz + Jvdv = constant 


p v‘ 
— + z + 

p g 


where, 


2 9 

_P_ 
P 9 

v 2 

2 g 


= constant 


= Pressure energy per unit weight of fluid or pressure head. 


= kinetic head 


z = potential head 

Assumptions: 

Following are the assumptions made in the derivation of the Bernoulli’s equation: 

1. The flow is incompressible 2. The flow is irrotational 

3. The flow is steady 4. The fluid is ideal i.e. viscosity is zero. 

Given: z = 30 m, v = 50 m/sec, P = 50 bar => 50 x 10 5 N/m 2 p = 1000 kg/m 3 
Total energy per unit mass of the fluid = Pressure head + Velocity head + potential head 

/2 f 


P V‘ 

— + — + z = 
P9 2 g 


50x10 


10 3 x 10 


|5 ^ (50) 2 

I+t+—- t^ + 30 


) 


(2x10) 


= 500 + 125 + 30 = 655 m 


3. Viscous Flow in Pipes 


Q.3 The velocity distribution in the fully developed flow region of steady incompressible laminar flow of a 

fluid in a horizontal pipe is given by +- = 1 - (+) , where u and u m are respectively the velocities of 

any radial distance, r, from the axis and at the axis of the pipe and R is the radius. Show that the kinetic 
energy correction factor, q and momentum correction factor, p are respectively equal to 2 and 1 33 

[CSE (Mains) 2010 : 20 Marks] 
or 

Explain what do you mean by kinetic energy correction factor. Show that the kinetic energy correction 
factor for laminar flow through a circular pipe is 2. Further, explain what will happen to the kinetic 
energy correction factor when the flow is considered to be turbulent. 


Solution: 


[CSE (Mains) 2015 : 20 Marks] 


Given: — = 1- 



Momentum per second based o n actual velocity 
Momentum correction factor, p = Momentum per seconds based on average velocity 

Considering an elementary area dA in form of a ring at a radius rand width dr, 

dA = 2 k rd r 







= 27CpU 


r R 

V 


< Zl 

R 4 R 2 


yj 


( 


o 

L V 


r + R 4 R 2 


= 2jcp u, 


m 


R 2 R 2 2 R 2 
2 + 6 4 


ofr = 27 TPU, 

l 

12R 2 +4R 2 -12R 2 


_ 27cpu 


m 


24 


2 d 2 


M = 


npu m R 


Momentum of fluid per second based on average velocity U 

= pAU 2 


As, 


u = 


- 0 ) 


M = P A[7 2 = pM = 

K 4 4 


P. < 2^4^ 4 = 1.33 


From (i)and (ii) 
Similarly 

K.E. 

sec 


a = 


(Ttpu m R74) 3 

K.EJ sec based on actual velocity 
K.EJ sec based on average velocity 


based on actual velocity = -x(pd6)u 2 = -p(ux2nrdr)u 2 = npru 3 dr 


C R q , 

Total K.EI sec = J npru dr 


= lo^P 


4 m 


/ .2 \ 3 


V 


rR o 
rdr = j npu m 


-(ii) 


Sr 4 '' 

R 6 R 2 + R 4 


yj 


dr 


3 rflf r 7 3r 3 3r 5 V 3 
= "P u mJ 0 r -rfr-rf> - + 7T * = W 


&i_Rl_3R 2 R 2 
2 8 4 + 2 


= 


(12 — 3 — 18 + 12) p 2 
24 


3 d 2 


npu m R 


• ■•(iii) 


1 „ 3 

K.EI sec based on average velocity = -pAu 


= j-pX7tR 2 X-^ = -- P - U ^ — 


16 


< U = ^ 2. 

I 2 


As 
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npu 3 m R 2 /Q 

So, a — 3 n2 14 

npu^R /16 

a = 2 

In case of flow is considered to be turbulent, the value of kinetic energy correction factor decreases. Its value 
lies between 1.04 to 1.11. The reason behind this decrease in value is more uniform flow due to better mixing 
in case of turbulent flow. 


Q.4 Air flows in a circular duct which suddenly contracts in the cross sectional area. Draw the flow sketch 
and locate the points on the sketch where turbulent flow will occur and calculate the dynamic loss co¬ 
efficient. Take the co-efficient of contraction as 0.62. 

[CSE (Mains) 2015 : 10 Marks] 

Solution: 

Consider a liquid flowing in a pipe which has a sudden contraction in area 



As the liquid flows from a large pipe to smaller pipe, the area of flows goes on decreasing and becomes 
minimum at a section C-C as shown. This section C-C is called vena contracta. After section C-C a sudden 
enlargement of the area takes place. The loss of head due to sudden contraction is actually due to sudden 
enlargement from vena contracta to smaller pipe. 

Let the dynamic loss coefficient be K and coefficient of contraction be C c . 



Flow'over Immersed Bodies igaiBHBBV*’'■' F ' .%M 


Q.5 What do you mean by boundary layer separation? Briefly explain the various methods of controlling of 
boundary layer separation. 

[CSE (Mains) 2016 : 10 Marks] 

Solution: 

When a solid boundary is immersed in a flowing fluid, a thin layer of fluid called the boundary layer is formed 
adjacent to the solid body. In this thin layer of fluid, the velocity varies from zero to free-stream velocity in the 
direction normal to the solid body. 
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Along the length of the solid body, the thickness of the boundary layer increases. The fluid layer adjacent to 
the solid surface has to do work against the surface friction at the expense of its kinetic energy. This loss of the 
KE is recovered from the immediate fluid layer in contact with the layer adjacent to the solid surface through 
momentum exchange process. Thus the velocity of the layer goes on decreasing. Along the length of the 
solid, body, at a certain point a stage may come when the boundary layer will not be able to stick to the solid 
body, if it cannot provide kinetic energy to overcome the resistance offered by the solid body. In other words, 
the boundary layer will be separated from the surface. This phenomenon is called the boundary layer separation. 
Methods of preventing the separation of boundary layer are: 

1 . Suction of the slow moving fluid by a suction slot. 

2 . Supplying additional energy from a blower. 

3. Providing a bypass in the slotted wing. 

4. Rotating boundary in the direction of flow. 

5. Providing small divergence in a diffuser. 

6 . Providing guide blade in a bend. 

7. Providing a trip-wire ring in the laminar region for the flow over a sphere. 


5*Dimensional Analysis, 1 Simlitude and Modeling 


Q.6 Explain the concept of types of similarities between model and prototype. What do you mean by distorted 
model? What are its advantages? 

It is proposed to design a ship. The proposed ship (prototype) is having a length of 150 m and a wetted 
surface area of 2000 m 2 with a speed of 40 km/h. A model of 1 : 20 is to be tested in the laboratory at 
a velocity corresponding to the wave resistance. 

The total drag of the model is 50 N. Determine the following: 

(i) Wave resistance drag of the model (ii) Wave resistance drag of the prototype 

(iii) Friction drag of the prototype 


Given: Friction drag, R f = —C D p AV 2 , where 


A = Wetted surface area, C D = Average friction drag coefficient 


= T -for Re <2x10 
(Re) 1 5 

= 0 01 for Re >2 x10 7 

(Re) 15 

Pmodel = 1000 K 9 /m3 V model = 1 - 110 X 10" 6 m 2 / S 

Pprototype = 1020 kg/m 3 prototype = 1-125 X 10" 6 m 2 /S 

[CSE (Mains) 2006 : 15 + 25 = 40 Marks] 


Solution: 

These are three types of similarities that must exist between the model and the prototype. They are: 

1. Geometric similarity 2. Kinematic similarity 3. Dynamic similarity 

Geometric Similarity: The geometric similarity is said to exist between the model and the prototype. The ratio 
of all corresponding linear dimension in the model and prototype are equal. 

For geometric similarity between model and the prototype, we have, 


(L b 
IE. = p 

k L-m 


D m 


where, L r is scale ratio and 



Ok-, 3 
v„ r 
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Kinematic similarity: Kinematic similarity means the similarity of motion between model and prototype. Thus 
kinematic similarity is said to exist between the model and the prototype if the ratio of the velocity and 

acceleration at the corresponding points in the model and at the corresponding points in the prototype are 
same i.e. 


0 P t texM<i^ 
Solved Papers 


where, V r is velocity ratio, for acceleration, 

where a r is acceleration ratio. 

Dynamic similarity: Dynamic similarity means the similarity of forces between the model and prototype. Thus 
dynamic similarity is said to exist between the model and prototype if the ratios of the corresponding forces 

acting at the corresponding points are equal. Also the directions of the corresponding forces at the corresponding 
points should be same. 

'■ e - = jfj- = = f, (force ratio) 

\'i)m vv)m vg/m 

an< ^ ^ are inertia force, viscous force and gravity force respectively. 

Distorted models. A model is said to be distorted if it is not geometrically similar to its prototype. For a 
distorted model different scale ratios for the linear dimension are adopted, for example, in case of rivers, 
harbours, reservoirs, etc, two different scale ratios, one for horizontal dimensions and other for vertical dimensions 
are taken. Thus the models of rivers, harbours and reservoirs will become as distorted models. 

Advantage of distorted models: 

1. The vertical dimensions of the model can be measured accurately. 

2. The cost of the model can be reduced. 

3. Turbulent flow in the model can be maintained. 

Given: L r (scale ratio) = 20, L p = 150 m, A p = 2000 m 2 , = 40 km/h =11.11 m/sec 

Total drag, R m = 50 N 

Friction drag, R f = ^C D pAv 2 



k-)k-v 

r 


As, 

and 


( Re ) D= M*^^P . - 11 ;T 1x ) 5 0 =148.148x10 7 


1.125x10 -6 


{Re ) p > 2x 10 7 


D (Re)' (148.148x10') 


70/5 = 1.465 x 10~ 4 


(R f ) p = — x(1 465x10 _4 )x1020x2000x(11.1 1) 2 = 18.445 
_ 

L? 20x20 

, 4 150 TC 

m L r 20 

(fl F )m = |( C oPAf/ 2 ) m 

Vm = Vm 

(Fe)„, = (Fe) p 


Also 
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Also, (g m = g p ) 


As 


and 


and 


Ym Vp 

t/ _ pny = — jjl 1 = 2.48 m/sec 
m ~ ]j L p p V20 


Mm = 


2.48x7.5 
1.110x10” 6 


= 1.675 xIO 7 


(Re) m < 2 x 10 7 
0.074 


(QAn ~ 


0.074 


(Re 


\ 1/5 


mi 


(1.675x10 ) 


7^5 = 2.657 x IQ" 3 


{R F ) m = ^-x(2.657 x10 _3 )x1000x5x(2.48) 2 = 40.85 N 

R w = wave resistance drag 
( R J m = R m -(R F ) m = 50-40.85 = 9.15N 


(R») P = 


v p,n j 


f ! \ 2 


y L m J 


(\j A 2 


X(R W 


^ 1020^ , on . 2 mm 

x(20) x 


v y 


1000 


2.48 


x9.15 


(RJ P = 74.92 kN 


Total drag R p = (R F ) p + (R w ) p = 93.36 kN 


Q.7 A closed cylindrical vessel 0.2 m in diameter and 1.2 m long is filled with water upto a height of 0.8 m 
from the bottom. Find the speed of the vessel about its vertical axis, when the axial depth of water is zero. 

[CSE (Mains) 2012 : 10 Marks] 

Solution: 


(i) Given: D = 0.2 m, L = 1.2 m 

Let the angular speed, when axial depth of water is zero be co 


Z = 


2 2 
to r 


2 9 

co 2 r 2 = 2 x 1.2x9.81 


= 23.52 m ...(i) 

Volume of air before rotation = Volume of air after paraboloid 
ti 7? 2 (1 .2-0.8) = Volume of paraboloid 


tcx0.1 2 x0.4= ~{ nr ) X Z - 
r 2 = 6.67 x 10" 3 

From (i) & (ii) (0 x (6.67 x 10" 3 ) = 23.52 

2nN 

~W 

60x59.4 


%r 


xl .2 


and 


(O = 


N = 


2n 


= 567.22 rpm 
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Q.8 Using Buckingham's tc theorem method, derive a relation for the efficiency ti of a fan which depends 
on the following parameters: 

Mass density p, Dynamic viscosity p, Angular velocity co, Diameter of the rotor D, Discharge 0. 

[CSE (Mains) 2014 : 20 Marks] 


Solution: 

Given: r| is a function of p, p, co, D, Q 

t| = f{ p, p, CO, D, Q) 

Total number of variables n = 6 
and Fundamental dimensions m = 3 

No. of 7r-terms = 6-3 = 3 

• • f(7t.j i ^2’ ^3) — ® 

Choosing D, coand p as repeating variables, 

7^ = D ai co^p^ • T| 

712 = D^CO^p 02 -p 
7tj = D^co^p^-Q 

First 7i-term 7^ = D ai co^p^h 

M°l°t° = L a T“ bl (M(r 3 ) Cl ■ M°L°T° 
0=c 1 +0=>c 1 =0 
0 = a 1 +0=>a 1 =0 
0 = -b 1 + 0 => b 1 = 0 
7^ = D° co° p° rj 
rc, = T| 

Second Tt-term 7 ^ = D a2 co^p^p 


Third 71-term 


0 - c 3 => c 3 - 0 
0 = 3^- 3c 3 + 3 => 3 3 = -3 
0 = -b 3 - 1 => b 3 = -1 


0 = c 2 + 1 => c 2 = -1 = a 2 - 3 c 2 - 1 => a 2 = -3 + 1 = -2 
0 = -b 2 - 1 => b 2 = -1 
1^2 = D -2 co -1 p _1 p 

^ " D 2 cop 

7 ^ = D^co^p^G 
M° L o f°= L a 3 T~^ (ML -3 ) 03 L' 3 T -1 

k, = D V 1 p°Q = -?- 

* D 3 co 
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/^IC 1 , 7T 2> 7C 3 ) = 0 

f fn ii _Q_) 

( D 2 cop' D 3 co “ 0 

OT yx - f H Q 

D 2 cop O 3 co 

Q.9 Define distorted model. Explain why models of rivers and harbours are made as distorted models. 
Write down the merits and demerits of distorted model. 

[CSE (Mains) 2016 : 10 Marks] 

Solution: 

Distorted Models. A model is said to be distorted if it is not geometrically similar to its prototype. For a 
distorted model different scale ratios for the linear dimensions are adopted. The models of river and harbours 
are made as distorted models as two different scale ratios, one for the horizontal dimensions and other for 
vertical dimensions are taken. If for the river and harbours, the horizontal and vertical scale ratios are taken to 
be same so that the model is undistorted, then the depth of water in the model of the river will be very-very 
small which may not be measured accurately. Therefore these are made as distorted models. 

Advantages: 

1. The vertical dimensions of the model can be measured accurately. 

2. The cost of the model can be reduced. 

3. Turbulent flow in the model can be maintained. 

Disadvantages: 

1. Due to different scales in the different directions, the velocity and pressure distribution in the model is not 
same as that in the prototype. 

2. Waves are not simulated in distorted models. 

3. The results of the distorted model cannot be directly transferred to its prototype. 
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1. Conduction 


Q.1 Heat is transferred along the axis of a truncated conical cylinder of length /, radius r, at the shorter 
end and radius r 2 at the bigger end. The circumference of the cylinder is completely insulated. Develop 
an expression to calculate heat transfer along the axis of cylinder. Assume no variation of conductivity 
with temperature. 

[CSE (Mains) 2002 : 20 Marks] 


Solution: 


Consider a frustum of constant thermal conductivity (/c) and apex at 0. 



Integrating both sides, 


x 2 


dx 




n CV 


-k 

Q 


jdT 


T, 


Also, 


1 

nC 2 


2 

*1 


_1_ 

* 2 _ 



— Cx^ and r 2 — Cx 2 


1 

nC 2 


C_C 
r-i r 2 


^-r 2 ) 


Heat transfer rate, Q 


T| - T 2 __ 7i - T 2 


1 

'l r 

/ 

'l 

1" 

nkC 

/l r 2_ 

nk(r 2 -r,) 

/i 

r 2_ 
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Q.2 A spherical thermocouple of 2.5 mm diameter is used to measure the temperature of air flowing in a 
pipe. Initially both the thermocouple and the air are at a temperature of 30°C. The air is heated to a 
temperature of 235°C and maintained at this temperature. Find the time required for the thermocouple 
to reach 200°C. Also find out the time constant of the thermocouple and comment on the suitability of 
this thermocouple to measure unsteady state temperature. For thermocouple material take: density 
= 9000 kg/m 3 , specific heat = 0.4 kJ/kg K and thermal conductivity = 30 W/mK. 

Convective heat transfer coefficient between thermocouple surface and the air is 120 W/m 2 K. 

[CSE (Mains) 2002 : 30 Marks] 

Solution: 

Consider the spherical thermocouple as shown in figure 
Given: T. = 30°C, T f = 200°C, T, = 235°C. 


Biot number of sphere, Bi = 


hi 


1 / D 

For a sphere, characteristic length, L c = — = — 

^ A 3 





LZ T = 30°C_] 



\ ‘ 1 



D = 2.5 mm 


Bi = 


120 x (0.0025/2) 


x 


30x3 - 

= 1.67 x 10- 3 

Since Bi < 0.1, entire body can be considered as lumped. 

Consider heat exchanged between air and resultant increase in internal energy of sphere, we get 

mC p dT = h A s [T eo - 7) dt 


T = 235°C 


dT 


T-T 


Integrating both sides, we get 


t, 


dT 


1 ^ 


T-T 


h A s 
P VCf 


h A s 
P VCp 


jdt 


In 


In 




hA s ) 

■t = - 

( 1 ) 

U-rJ 



p VCp 
< hA s j 


'T f -T'\ 


T-T 


where, 


Time constant in this case, 


x = time constant 

p VC P 


T = 


hA s 


= 9000 x 


0.0025 

3x2 


J 


0.4 xIO 3 
120 


= 12.5 seconds 


Time required by sphere to reach 200°C 


t= -t-ln 


( T f -L 
T -L 


= -12.5xln 


( 200 -235 
{ 30-235 


= 22.095 seconds 


v ' - j 

For measuring unsteady state temperature, the thermocouple should takes least amount of time to reach 
environment temperature, T f . Hence the value of time constant should be as small as possible. 

In this case, if the temperature of system changes faster than the time required for thermocouple to reach that 
temperature, then thermocouple can not be used for temperature measurement. If temperature of air changes 
from 235°C before 22.1 seconds, it is not a good measuring device. 

Not suitable for measuring unsteady state temperature because in unsteady state temperature changes every 
second while here time constant is as large as 12.5 seconds. 
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Q.3 A small hemispherical oven is built of two insulating material. The inner layer is of fire brick,^125 mm 
thick and outer layer is of 85% magnesia, 40 mm thick. The inner surface of the oven is at 800° and the 
heat transfer coefficient for the outer surface is 10 W/m 2 -K. The room temperature is 20°C. Calculate 
the heat loss through hemisphere with the inside radius is 0.6 m. The thermal conductivities of fire 
brick and 85% magnesia are 0.31 and 0.05 W/m-K respectively. Also calculate the temperature at 
contact between insulating materials and at the outer surface. 

[CSE (Mains), 2003 : 20 Marks] 

Solution: 

Given: 

Two different layers of materials A(fire brick) and B(85% magnesia). 

Convective heat transfer for outer surface, h = 10 W/m 2 K 


T = 293 K 


Assume temperature of outer surface is T 0 . 
Consider the element of radius rand thickness dr. 

Heat transfer through this element, q _ -KA— 

dr 


r iA = 0.6 m 

r 0A = 0.6+ 0.125 = 0.725 m 
r. e = 0.725 m 

r QB = 0.725 + 0.04 = 0.765 m 


85% 
magnesia 
k B = 0.05 W/mK 



Fire brick 
k. = 0.31 W/mK 


125 mm 4 ° mm 


Integrating, 


27C 


dr 
2 Ttr 2 

r i r 0 


= -£ d r 

Q 


0 = 


T t -Tn 


2kn 


1 1 


Thermal resistance of hemisphere, 

R = 


1 o J 


2kK 


Total thermal resistance, 


^net ~ + + ^com ~ 


R ne\ = 0-4043 K/W 


1 

’ 1 

1 ' 

1 

’ 1 

1 ' 

2kK a 

JiA 

r 0 A . 

271 K b 

_ ri B 

r 0B . 


Heat transfer between insides of oven and surroundings, 


Q = 


T.-T 


R 


net 


1073-293 

0.4043 


Watt = 1.929 kW - 2 kW 


Also, temperature at contact of two layer - T c 
Outside temperature = T 0 

Tn -7V 


Q = 


R. 


conv 

Q 


T ° = hAc 


+ T = 345.47 K 


Also, 


Q = 


T c -T 0 

R a 


l c = O R b + T 0 = 788 31 K 
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q. 4 The diagram shows a truncated conical section fabricated from a material of thermal conductivity K 
The circular cross-section of the conical section has the diameter D- ax, where a is a constant and 
* is the axial distance of the section from the apex of the cone. The temperature at the two faces of the 
conical section (at distance jc 1 and x 2 from the apex) are respectively T, and T 2 while the lateral 
surface of the truncated cone is thermally insulated. 



(i) Derive an expression for the temperature distribution T(x) in symbolic form assuming one 
dimensional steady-state condition. Sketch the temperature distribution. 

(ii) Calculate the heat rate q x through the cone in ^-direction. 

[CSE (Mains), 2007 : 20 + 40 Marks] 

Solution: 

Consider the frustum of constant thermal conductivity A: as shown in figure. 



Consider a section of thickness dx at a distance 'x from the apex of the cone. 
Diameter of this cross section, D x = ax 

Area of cross-section of this element, 

where, C is a constant. 

Assumptions: 

1. One dimensional heat conduction. 

2. Steady-state: No change in internal energy of frustum. 

Energy balance for the section: 

Energy in from left face = Energy out from right face 

^ Q x = Q x + dx 

^ Qx + dx ~ Q x = 0 

=» <*<?,=° 
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Integrating this, 


—(-KA —\dx = 0 
dx{ X dx) 

-k-]=o 

dx\ dx) 

a x «L . c , 

dT _ 
dx Cx 2 


Upon integration, we get 


Boundary Conditions: 

(i) Temperature at x = x^ is I, 


(ii) Temperature at x = x 2 is T 2 


T- af-l'i 


C v x) 


+ Co 


T — C' — 0-1 

1 " ° 2 Cx, 


To = Co - 


Solving (i) and (ii), we get 


w 2 = c, 


Cx- 


1 1 




...(ii) 


Cx2 Cx 


i y 


q _ C (Ti — T 2 ) x 1 x 2 
1 x-, - x 2 

P _ 7- Ci T 1 C(T 1 -T 2 )x 1 x 2 _ T 1 x 1 -T 1 x 2 +T 1 x 2 — r 2 x 2 

°2 “ h + 7^~ ~ h + Tl - 

xi - *2 


Cx 1 Cx 1 x 1 - x 2 

T Xi - To Xo 


_ *1 2 A 2 

°2- 

x 1 - x 2 


t - C) J \ _ (T 2 -T : ) x,x 2 T, *1 - T 2 x 2 

' " 7T _ + U 2 +—-— 

^ X X X-I X 2 (x 1 - x 2 ) 

7~2 x i x 2 - T, x 1 x 2 + T[ x 1 x - T 2 x 2 x 


T = 


x(xi -x 2 ) 

T 1 x 1 (x-x 2 ) + T 2 x 2 (xi -x) 


x(xi -x 2 ) 


(iii) Heat transfer rate through the section will be 


Q = -KA,— 

dx 


dx 

X 


' _K' 

k 0 1 


^IdT 


Integrating both sides, 


7 dx ( kV? 
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c V *1 *2 , 


£<Vr 2 ) 


=> Heat transfer rate, 


0 = 


W 2 

4 r i i 'i 


7ta 2 K 


v-*i 



Q.5 Consider a large plane wall of thickness L = 0.3 m, thermal conductivity k = 2.5 w/m -K, and surface 

area A = 12 m 2 . The left side of the wall at * = 0 is subjected to a net heat flux of q = 700 w/m 2 while 

the temperature at that surface is maintained at T, = 80°C. Assuming constant thermal conductivity 
and no heat generation in the wall: 

(i) express the differential equation and boundary condition for steady, one-dimensional heat 
conduction through the wall. 

(ii) obtain a relation for the variation of temperature in the wall by solving the differential equation. 

(iii) evaluate the temperature of the right surface of the wall. 

[CSE (Mains), 2008 : 20 Marks] 


Solution: 


Consider a section of thickness dx at a distance l x m from left face. 
Assuming constant thermal conductivity, no heat generation and 
steady state conditions (no changes in internal energy with time) energy 
balance for this small section can be shown as: 

Energy entering left face = Energy leaving right face 




■dx 


0 


dx 2 

d 2 T 

dx 2 


0 

0 


This is the required differential equation for this case. 

Boundary Conditions: 

(/) Heat flux at left face = Rate of heat condition at the left face 


T = 80°C—*■ 



Qx + dx 

= 353 K 

<7 —*- 

9*^ 



700 W/m 2 

^_ x _^ 


*—dx 


x = 0 x = L 


0.3 m 


- 0 ) 


4-^S 


x = 0 


(a) Temperature of left face is maintained at 80°C or 353 K . 

o= 353K 

Solving differential equation (i), we get 
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dT 

d7= c 


Applying 1 st boundary condition, 


T = x + C 2 


4 = -^ 

A dx 


= -kC « 


r = 0 


^ C, = -f ill = 700 W/m 2 _ = _ 280 K/m 

1 UM 2.5 W/mK 
Applying 2 nd boundary condition, 

7 L=o = • 0 + C 2 = 353 K 

=* C 2 = 353 K 

•. Expression for the temperature distribution in the wall is 

T= 353-280* 

(iii) Temperature of right surface of the wall 

r l=o.3m = 269 K 

Q.6 The thermal conductivity of a hollow sphere of inside radius (R ; ) and outside radius ( R 0 ) is given by 

K=K i + (K 0 -K i ) 


T-T: 


T 0 -T t , 


where, T. - Inner surface temperature and T 0 = Outside surface temperature 
Prove that: 

(i) The heat flow rate is given by 


Q = 4tc/V? 0 


(K i+ K 0 V 


Tj-Tp ' 

Rn - R. 


(ii) Also determine the heat loss from a spherical shell whose D ; = 2.5 m and covered with 30 cm of 
insulation. The thermal conductivity of insulation is 0.3 W/mK and 0.2 W/mK at inner and outer 
surface temperatures of 150°C and -15°C respectively. 

[CSE (Mains), 2009 : 20 Marks] 

Solution: 

(i) Consider an elemental thin shell of thickness c/rat a distance rfrom the center. 

Heat flow rate through this element will be 

0= -kA — 
dr 


Q~ = -kdT 


Qdr 

Anr 2 


kj + {kp ~kj) 


T-T, 

\ T o ~ T i) 


dT 


k,(T 0 -T,) + T(k 0 - k,) - T,(k 0 - k,) 
(Wi) 



Integrating both sides within suitable limits, 
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1 O dr . T f 

IWa-TJ-Uko-k 


\ 4 Itr 2 

'l ' 1 

T 0 -T i 

T 0 -T i J 


dT 


Q_ 

An 

Q_ 

An 


1_1 

L r o r, 

2_j_ 

0 r 0 


(W,) 


_ (til 


(Wo) 


(ki + k 0 ) 



f T -T ) 
’/ '0 

l 2 J 

\ r 0 ~ r i / 


2(k i -k 0 ) 

=* Heat flow rate = Q = 47t /; r 0 

(ii) Consider the thin spherical shell with an insulation of 30 cm. 
Assuming that thickness of shell as negligible. 

2 5 

Internal radius of shell = —— = 1.25 m 
Outer radius of shell with insulation, ^ 

R 0 = 1.25 + 0.30 = 1.55 m 
Thermal conductivity of shell = 0.2W/mK 



165 


0 = 4tu x 1.25 x 1.55 x 0.25 x — = 3347.76 W 

Q.7 The volumetric heat generation rate in a cylindrical nuclear reactor fuel rod of 5 cm diameter is 
5 x 10 7 W/m 3 . Under steady state operating condition, the temperature distribution in the rod is 
t = 800 - 4.167 x 10 5 r 2 . Density, specific heat and thermal conductivity of rod material are 1100 kg/m 3 , 
800 J/kg-K and 30 W/m-K respectively. 

(i) What are the rates of heat transfer per unit length of the rod at the centre line (axis) and at the rod 
surface? 

(ii) If the reactor power level is suddenly increased to 10 8 W/m 3 , what are the initial time rate of 
change of temperature at the centre line and at the surface? 

[CSE (Mains) 2012 : 20 Marks] 

Solution: 

Assumptions: 

(i) One dimensional conduction in direction of r 

(ii) Uniform generation 

(iii) Steady state condition 


q= -KA- 


and also 
(a) 


q = -K(2itRL)|^ 



K = 30 W/mK 
p = 1100 Kg/m 3 
C = 800 J/Kg-K 


q = -K2nR— 
w dr 


t = 800 -4.167 x 10 5 / 2 
q = q^ = 5 x 10 7 W/m 3 


[per unit length] 


dT 

— = -2 x 4.167 x 105 r K/m 
dr 


q r = 0 = 0 and Qr = 0.025 = "30 x 2 x ii x 0.025 x (-2) X 4.167 x 10 5 x 0.025 W/m 
Q r = 0.025 = (Qx^ 2 x1) = 0.9818x10 5 W/m 
(b) Transient condition will exist when generation is increased 


1 d („_dT\ 


dT 


Kr-^~ +q 2 = p C D — 
rdr { ar J M p dt 


mijMwa i mwM ihui t w 
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1 1 = 4-\l±(Kr d 4-U 2 1 

Bt pC p [rdr{ dr) 
but at f = 0; T{r) = 800 - 4.167 x 10 5 r 2 

q = -5 x 10 7 W/m 3 (the original q) 


Now - ~ = 56.82 k/s 

at 

Alternatively: at t = 0 

Net generation increased is responsible for transient condition and temperature gradient. 

A q = (10 8 -5x10 7 ) 

Aq W/m 3 = p C D —W/m 3 
H dt 

dT 

— = 56.82 k/s 
dt 

Q.8 Inner and outer surfaces of a spherical shell are maintained at temperatures T. and T 0 respectively 
such that T. > T 0 . If inner and outer radii of the shell are /;. and r a and its conductivity is k, derive an 

expression for the rate of heat conduction through the shell. Assume steady state and no heat generation 
within the shell. 


Solution: 


[CSE (Mains), 2013 : 10 Marks] 


Consider a spherical shell of inner and outer radius r and r Q and surfaces 
maintained at T. and T 

l 0 

Consider a thin spherical shell element of thickness dr at a distance rfrom 
the centre. 

Rate of heat transfer through this element, 


0 = -kA — 


We know, here A = 4nr 2 

= -dT 
kA 

Integrating both sides within proper limits 


= -dT 



Q ■ dr T f 
k -4nr 2 ' "} dT 

'i 'i 


■ [ -t 


0-. 1-1 .T.-T. 


4 nk lr, r 0 J 

Rate of heat transfer through the shell 


(7j-7- 0 )4irtc 


h r 0 


0 = 1 ^. 

Rn, 


where, R T . = Thermal resistance for shell 
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q .9 The outer and inner surfaces of a thick hollow cylinder have areas 1.25 m 2 and 0.25 m 2 respectively. 
The thickness of the cylinder is 10 cm and the thermal conductivity of the cylinder is 50 W/mK. Find the 
radial heat transfer through the cylinder for 100°C temperature difference at the surfaces. Derive the 
formula used. 

[CSE (Mains), 2014 : 10 Marks] 


Solution: 

Assume inner and outer radii as R f and ff 0 and length of cylinder as L 
Given: A f = 0.25 m 2 , A 0 = 1.25 m 2 , Outer area = 2kR 0 L= '\ .25 m 2 , 
Inner area = 2k R. L = 0.25 m 2 ' 

Also, Thickness = R 0 - R. = 0.10 

=> R. = 0.025 m 

r‘ 0 = 0.125 m, 


L = 


1.25 

2?r 0.125 



Consider a thin cylindrical element at a distance rfrom centre of shell 
and thickness dr. 



Heat flow rate, Q = 



Integrating both sides, 


= -AdT 

2nrL Q 

]-!*- = JL t U 

^ 2nrL Q 1 

h T < 


1 

2nL 


In 


f r ^ 
'_o 

K r iJ 


k_ 

Q 


<Ti-T 0 ) 


Heat flow rate 


n - Ti T 0 

w — 

2nkL 

U i 


Radial heat transfer through cylinder for 100°C temperature difference between surfaces, 

q = --= 31.067 kW 

-l—r-ln® 

2tc ■ 50 • — 

K 

Q.10 A plane wall 90 mm thick (K= 0.18 W/m°C) is insulated on one side while the other side is exposed to 
environment at 80°C. The rate of heat generation within the wall is 1.3 xIO 5 W/m 3 . If the convective 
heat transfer coefficient between the wall and the environment (h) is 520W/m 2o C, determine the 
maximum temperature in the wall. Derive the expression used, starting from the steady state one¬ 
dimensional heat conduction with heat generating equation. 


[CSE (Mains), 2015 : 20 Marks] 
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Solution: 

Given: K= 0.18 W/m°C, h = 520 W/m 2o C, q = 1.5 x 10 5 W/m 3 

Consider a section of thickness dx at a distance ‘x’ from the insulated 
end as shown. 

For steady state condition, 

^ + dq x — q x = Qgen 


dq 

——■dx = q{A ■ dx) 
dx 


i--kA«L 


dx 


kA 


dx 

d 2 T 

dx 2 


dx = qAdx 


+ qA = 0 


dT q „ 

-5" H-=0 

dx 2 k 


This is the required one dimensional steady state equation in this 
Solving this equation, we get 


case. 


d 2 T q n 
—= 0 
dx 2 k 


Boundary conditions: 

(a) Insulated wall at x = 0 

No conduction at x = 0 


dT q 
dx ~ ~ x + c ' 

T = -fy + C,x + C 2 


kA T l 

dT 

dx 


= o 


: = 0 


: = 0 


= 0 


Applying this in equation (i), we get 


C, = 0 


Solved Papers 



dx 



T x = 80°C 


L = 90 mm- 


- 0 ) 

■■■(") 


(b) Total heat generated inside wall = Heat transferred from right face by convention 

qxA-L = hA(T w - TJ where, T w = Temperature of right face 


T _ qL , T _ 1.3x10 5 x 90x10~ 3 „ 

'w~ — +, oo -™-+ 80 = 102.5°C 


h 


520 


Temperature at right face, 


rl„ t = -f-y+c 2 

c 2 = 102.5+ 1 3 x ^ 5 8 X x ( °' 09>2 = 3027.5 


Expression for variation of temperature in the wall is 
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Maximum temperature is attained on the insulated face of the wall at x = 0 
Maximum temperature in the wall at t = 0, 

r= 3027.5 c C 


q, 11 A steam pipe (inner diameter = 150 mm and outer diameter = 160 mm) having thermal conductivity 
58 W/m K is covered with two layers of insulation of thicknesses 30 mm and 50 mm respectively and 
thermal conductivities 0.18 W/m K and 0.09 W/m K respectively. The temperature of inner surface of 
the steam pipe is 320°C and that of the outer surface of the insulation layers is 40°C. 

(i) Determine the quantity of heat lost per metre length of the steam pipe and layer contact temperature. 

(ii) If the condition of the steam is dry and saturated, find the quality of the steam coming out of one 
metre pipe assuming that the quantity of steam flowing is 0.32 kg/min. 

[Use the data: At 320°C saturation temperature h f = 1463 kJ/kg, h fg = 1240 kJ/kg, h g = 2703 kJ/kg] 

[CSE (Mains) 2016 : 20 Marks] 

Solution: 

Given. r iA = 75 mm, r QA = 80 mm, r jB = 80 mm, r 0B = 110 mm, r jC = 110 mm, r oc = 160 mm 



Resistance circuit 


(r \ 
In £a 

r - Alii! 

B 2kK b L 


WWW 


WWW 


WWW 


In 


Ra = 


' r 0A ^ 

, Ua ) 


2nK p j pe L 


In 


R c = 


'oc 
V r iC 


2nK c L 


f? total = R a + R b + ^(Considering L - 1 meter) 

= 'mil + 'n(10/80) Mm _ o g4435 K/Wat, 
2tcx58x1 2jix 0.18x1 2tix0.09x1 

Qper meter = = 320 ~ 40 = 296.49 Watt /m 

per meter Q.94435 


Now to calculate T B and T c 
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296.49 = 32 ° Tb => T B = 319.94°C 

n A 

ery small temperature gradient due to high conductivity of steel pipe. 


Also, 


0= hzlc_ 


R a + F? e 


3pn — T 

296,49 = 0^817! => Tc = 236 - 46 ° c 
Heat extracted by steam = 296.49 Watt 


0.32 , 

^steam = -^- = 5.333x10 3 kg/sec 


Hence energy lost by 1 kg of steam = - 296 49 = 55 59 kJ 

5.333 xIO -3 


So, the enthalpy of the steam coming out of one metre pipe is 

Now h = 2703 - 55.59 = 2647.41 kJ/kg 

q nt u ov , 264771 = 1463 + *1240 =>* = 0.955 

bo the value of dryness fraction * = 0.955 


0,2 ”' am> — 


[CSE (Mains) 2005 : 30 Marks] 

Solution: 

Consider a finned surfaces as shown in figure with thermal conductivity (A), area of cross section (A \ 
perimeter (p) and convection coefficient (h). ss sectl0n \A C ), 

Consider a section at a distance * from base of fin of thickness dx. 

For this section, Energy Balance: 


^in Qout 

Rx = Qx + dx* ^conv 

^x + dx Qx ^conv — 6 


-^■dx + h(pdx)(T-TJ =0 
dx 


KA C - hp(T - 7^) = 0 



Since 7, = const, taking 0 = T- 7,, <70 = dT 

cf 2 © hp . 
d?~K\ 6 


=> _ m 2 $ = o where 

dx 2 

General solution of this equation is, 

0 = C-\Q mx + C 2 e~ mx 

For heat loss from the fin tip to be negligible 


where m - 
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= o 


1 st Boundary condition 


2 nd Boundary condition Q\ x=q =q q = T w - T x 

Solving using the above boundary conditions, we get 

Heat loss from fin = Q = JhpKA c {T w - TJtanhmL 

Fin Efficiency: This is defined as the ratio of actual heat transfer from a fin surface and ideal heat transfer from 
fin. 

Ideal heat transfer takes place when the temperature along the entire length of fin becomes equal to base or 
wall temperature. 


We know, 
fin efficiency, 


“Hfin 


Ain 


■nun 


Qf in = JhpKAc (T w - T" )tanh mL 

^fin.max ^AinC^vv — To) 

PL 

kA c tanhmL 
V h P ' L 



Tffin 


tanh mL 
mL 


Q.13 The temperature of a gas flowing through a pipe was measured by a mercury-in-glass thermometer, 
dipped in an oil-filled steel tube welded radially to the pipeline. The thermometer indicates a temperature 
lower than the gas temperature. How large is the error in the temperature measurement if the 
thermometer reads 85°C and the temperature of the pipe wall is 40°C? The steel tube is 125 mm long 
and has a 1.5 mm thick wall. The thermal conductivity of this tube material is 56 W/m-K and the local heat 
transfer coefficient between the gas and the tube is 23.5 W/m 2 -K. 


In what way the thermometric error can be reduced? 
Solution: 

Given: h = 23.5 W/m 2 K \K = 56 w/mK; L = 125 mm 
Temperature measured will not be T,, but it will be T L that is the 
temperature at the end of the fin. 

Considering the thermometer pocket as pin fin, asuming there is 
no heat flow from tip. 

Using the general solution 0 = C^er™ + C 2 e™ and 

d0 

Boundary condition 0 = 0 O at x = 0, — = 0 at x = L we have 

0 Q cos hm(L-x) 

0 = cos h mL 


[CSE (Mains) 2006 : 30 Marks] 




Thermometer 







n* a 

1_i 






L 



--v:-: 





__ 

Temperature at fin tip x = L, d L = CQS ^ ^ 


m 


fhP _ hxjtd I 
= \KA~VKxjidS V 


23.5 


56x1.5x10" 


= 16.726 
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( t l -tj = 


Tn-Le 


cosh 16.726x0.125 


85-T„ = 


45° - T„ 
4.10728 


_ 85x4.10728 45 _ gg 
00 “ 4.10728-1 

Error = T - T, = 99.48-85°C = 14.48°C 

OO L 

I H 

To reduce error, d L should be minimum, so T cos h mL, T mL, • L 

(i) increase h 

(ii) reduce K 

(iii) long width in wall, product may be placed obliquely to produce longer insertion. 

Q.14 A very long AISI 316 stainless steel (K = 14 W/m-K) rod 5 mm in diameter has one end maintained at 
100°C. The surface of the rod is exposed to ambient air at 30°C with average convective heat transfer 
coefficient of 50 W/m 2 -K. Neglecting radiation heat transfer, estimate how long the rod must be to treat 
it as infinitely long" to yield a reasonable accurate estimation of heat loss. If the rod is made of copper 
K = 350 W/m-K, will the length be different? How much will it be and why? Compare the heat transfer 
rates for both the rods. The analysis may be based on fin tip heat loss alone. 

[CSE (Mains) 2012 : 12 Marks] 

Solution: 

For a very long rod temperature distribution given by 
q = 0 o erm* : 0=7-7, 

L L 

Thus heat transfer rate, q= jh-P-dx{T-1^) = jh-P-Q-dx 

o o 

= J hPQ 0 e~ mx dx = -^ e °^ 


m 


(1-e~ mx ) 


For L = oo, 


q 


= = JhPKA e r 


m 


So, reasonably accurate estimate of heat loss, we need to have rod long enough so that 

e^ L = 0.01=1% 

q L = x 0.99 (reasonable estimation) 

IhP I50x2kx2.5x10~ 3 


m 


Mx^.SxlO -3 ) 


Then, 


KA 

g-53.45L = 0.01 

L = 0.086 m 

50x27tx2.5x10~ 3 x(1QQ-30) 


= 53.45 


Qss = 


53.45 


x0.99 = 1.0183 Watt 


For copper rod, m = 


50x2tix2.5x1 O' 3 

Z3-2 =10.69 


Then, 


L = 

Heat transfer rate, q ■ 
Qcu = 


350x7cx(2.5x10 _d ) 
= 0.01 
InO.OI 


= 0.43 m 

-10.69 

50x2tcx2.5x 10~ 3 
10.69 
5.0915 Watt 


x(100 - 30)x0.99 
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Q. 15 Two long slender rods A and 8, made of different materials having same diameter of 12 mm and length 
1 m, are attached to a surface maintained at a temperature of 100°C. The surfaces of the rods are 
exposed to ambient still air at 20°C. By traversing along the length of the rods with a temperature 
sensor, it is found that the surface temperatures of rods A and 8 are equal at positions 15 cm and 

fin fr0m the base surface ' lf material of A is carbon steel with thermal conductivity 

' W a IS 9 thermal conductivity of rod 8? List the assumptions made. Assume that the 
and 8 onvec l0n coefficient air is 5 W/m 2 K. Find the ratio of the rate of heat transfer for rods A 


Solution: 


[CSE (Mains), 2014 : 20 Marks] 


1 m 


T = 100°C —I 


dx 


T„ = 20°C 


B 


T E 
E 

CM 

TT 

-©- 


T E 
E 

CM 

J- -©■ 


Base of both the rods is maintained at the same temperature as shown in figure. 

Assumption: 

0) Since the length of the rods is very large 1 m as compared to their diameter, they can be assumed to be 
infinitely long with temperature at tip approaching surrounding temperature. 

(ii) Heat transfer is purely one dimensional conduction in the rods and convection from rod surface. 

Given: h = 5 WAn*K, K A = 60 W/mK, 7\ c = *£ = 1.131x10^. p = 2nr= 0.0377 m 

Consider an element of thickness dx at a distance * from the base on any rod. 

Energy balance for this section 


dconv. 

t 


kA c d 2 Tdx 

dx 2 


d x + tfx ^conv 

-h(pdx)(T-TJ =0 
cf 2 0 




dx 


dx' 


■ - m 2 0 = 0 


where, e = 7 - 7 and m= U&- 

yjkAc 

Solution of this differential equation with following boundary conditions: 
0) T| -o =r i 

(ii) Infinitely long rod assumption due to which T \ X = L = T m 

Solution of this boundary condition 
For rod A: 


e = e b e~ mx 


m A = 


- = 5.271 

kAc 


Temperature at 15 cm from base 
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T h -T 


— = e~ mx = e _mxD15 


=> T = 329.29 K 

This temperature is equal to temperature of rod Bat a distance 7.5 cm from base. 

For rod b: 


T h -T 


Q-m B x 0.075 


329.29 - 293 


373 - 293 


— 0-^6 * 0-075 


We know, 



= 10.5398 


m B = 10.5398 


k R = 15 W/mK 


Heat transfer for a rod in this case = yjhpkA c ■ {T b - TJ 
Ratio of heat transfer for rod /A and B 

Qa _ J h P k AA c -(T b -TJ 
Ob Jhpk^A~ c -(T b -U 


l k A 


= — = 2 


3. Free and Forced Convection 




Q.16 Show that: 


Nu (Pr ) -1/3 = {St (Pr) 2/3 } Re 


[CSE (Mains) 2001 : 20 Marks] 


Solution: 

For laminar flow of a fluid over a flat plate, we have 

Local Nusselt Number, Nu v = 0.332 P r 1/3 Re x 1/2 
and Local skin friction coefficient, C f x = 0.664 • Re x ~ 1/2 
where, Pr = Prandtl number 

Re = Local Reynolds number 


We know that: 


Local Stanton number = Re ~ = = St, 


st = Nu, 0.332-Pf .Ref 0,332 
* Re^Pr Re x Pr Re 1 / 2 -p 2/3 


(St,) -Pf 3 - Re, = 0.332 Re,’* 


From (ii) above, we have 

0.332 ■ Ref - Re, = 0.332 - Ref = Nu, - Pf' 3 
„ Nu, P r - ,ra = (St, ■ P* 3 ) - Re, 


Hence proved. 
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Q.17 A 3 m long 25 mm dia tubes is held at 100®C by steam jacketing. Water flows through the tube at the 
rate 180 kg/hr at 20°C. Calculate the rate of heat transfer from the tube to water. For water (60°C): 
C p = 4.178 kJ/kg K; * « 0.66 (W/mK); p = 983 kg/m 3 and p = 0.47 x 10" 3 kg/ms. 

[CSE (Mains) 2001 : 30 Marks] 

Solution: 


h-L = 3 m 


T 

D = 0.025 m 

i 




T = 100°C = 373 K 


m w =180 kg/hr- 


Consider the tube as shown through which water flows. Film temperature =T f = - 2 - + 1 0Q = 60°C 


We have. 


m w =180 kg/hr =p/\ v. 


avg 


V = 

avg 


180 


1 


3600 983 • — • 0.025 2 
4 


= 0.1036 m/s 


Reynolds number for the flow, Re L = P 


^avg D _ 983 X 0.1036 X 0.025 


M- 


0.47 x10“ 3 


= 5418.04 


Prandtl number, Pr = = 0.47 x 1CT 3 x 4.178 xIO 3 _ 

k 0.66 " 0 

Since the flow is turbulent Re > 2300 and the fluid is heating, applying Dittos Boelter equation, we get 

Nu d = 0.023 • Re 0 8 • Pr n , where, n = 0.4 for heating of fluid 

= 0.023 ■ (5418)° 8 • (2.975)° 4 = 34.53 

We know. 


Convection coefficient, 


Nu d = ^ = 34.53 

K 

, 34.53x0.66 

h = -0025- = 911,592 Watt / m2K 


This will be equal to overall heat transfer coefficient of heat exchanger ( U ). 
For steam and water heat exchanger, 

C. 


max 


c min = ' Cp w = 208.9 Watt/K 


Effectiveness 


min 

6 = 1- e- NTU 


NTU = ^ = 911.592 x n x 0,025 x 3 _ ^ 


C„-, r 


208.9 


= 1 - e" NTU = 0.64235 


e = 


We know that, 

=> 

R a te of heat transfer from tube to water 


_ T c ,o T ci _ T c o 20 
_ 1Q0 _ 20 


7~n,i T cj 

T c , 0 = 71 - 38 °C 


J_80_ 

3600 


x 4.178 x (71.38-20) = 10.73 kW 


Q = mC p AT c = 


66 
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Q.18 Air at 30°C flows over a horizontal plate heated to 70°C at a speed of 3 m/s. Calculate the convective 
heat transfer coefficient and the rate of heat transfer between the plate and the air. The length of the 
plate is 2 m and width 1 m. Nusselt number is given by: 

Nu = 0.664 Re 1/2 Pr 1/3 
The properties of air at 50°C are: 

v = 17.95 x 10-6 m 2 /s, K = 0.0283 W/mK, p = 1.093 kg/m 3 , C p = 1.005 kJ/kgK 

[CSE (Mains) 2002 : 30 Marks] 

Solution: 

Consider the case of forced convection between heated v = 3 m/s 
plate and air is shown in figure. 

Characteristic length for a flat plate, 

L c = 2 m (length of plate) 

Are a of heat transfer, A s =2mx1m = 2m 2 
Film temperature at which properties of fluid are to be evaluated, 

70 + 30 


T = 30°C 


T s = 70°C 1 
- L = 2m 



T- T * +T ~ 
‘f~ n 


= 50°C 


Reynolds number for flow = Re, = —£- =-- 

L v 17.95 x 1CT 6 


= 334261.81 ~ 33.4262 x 10 4 


Prandtl number for fluid = 1 = * ■ pC D = lZ- 9 - § x 10-6 x 1 093 x 1005 = o 6967 

a K v p 0.0283 


Nusselt number = Nu = 0.664 Re 1/2 Pr 1/3 = 340.33 


We know, 


., hL 

Nu = — = 340.33 
340.33x0.0283 

h = --- = 4.816 W/m 2 K 


.-. Rate of heat transfer between the plate and air is 

<t> = h A, (T s - 7J = 4.816 x 2 x 40 = 385.25 Watt 


Q.19 Define Reynolds number, Prandtl number, Stanton number and Nusselt number and give their physical 
significace. What is meant by fully developed flow in a pipe? Illustrate it with the help of a figure. State 
the parameters upon which the entrance length depends. 

[CSE (Mains) 2003 : 20 Marks] 

Solution: 

Reynolds number (Re) can be defined as the ratio of inertia forces to viscous forces in a fluid flow. 

_ Inertia force _ vL 
By definition, e - viscous force - v 


Reynolds number signifies which force-inertia or viscous is more dominant in a flow regime. This decides 
whether flow is turbulent (high inertia forces and high Re) or laminar (high viscous forces and low Re). 
Prandtl Number can be defined as the ratio of molecular diffusivity of momentum and thermal diffusivity. 

pr _ Momentum diffusivity _ v _ pC P 
Thermal diffusivity “ a “ ~~K~ 

Hence, Prandtl number signifies the relative thickness of thermal and velocity boundary layers. High and low 
values of Prandtl number signify a thicker velocity and thermal boundary layers, respectively. Prandtl number 
is strictly a property of fluid alone. 

Nusselt Number can be defined as the ratio of heat transfer by convection to the heat transfer by conduction. 
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• f\jy _ ^convection _ ^ ^ 

^conduction K AT / L K 

Nusselt number signifies enhancement of heat transfer due to convection. High Nusselt number implies 
convection is more dominant than conduction at fluid-solid surface. 

Stanton Number is defined as the ratio of heat transferred by convection to thermal capacity of fluid. 

St = -A_ = Nu 

p vC P Re Pr 

Stanton number is used to express relationship between drag force and heat transfer in cases of geometric 
similarity between hydrodynamic and thermal boundary layers. 

In case of internal forced convection, fully developed flow means that hydrodynamic (velocity) and thermal 
(temperature) profiles do not change with axial distance along the tube. 

For example, as shown in figure below, post thermal entry length, temperature profile does not change in 
j-direction and depends on radial distance from axis alone. 


Thermal boundary Thermal profile 

7- / layer T s / 



Parameters upon which entrance length depends— 

(a) Velocity and Reynolds number - nature of flow laminar or turbulent 

(b) Smoothness or roughness of pipe/tube 

(c) Dimensions and geometry of tube. 

Q.20 Calculate the number of tubes required for a single pass steam condenser of 2.5 m length to handle 
20000 kg/hr of dry saturated steam at 60°C. The cooling water enters the tubes at 20°C and leaves at 
30°C. The tubes are of 25 mm outside diameter and 22.5 mm inside diameter. The thermal conductivity 
of tube material is 100 W/m-K. The water velocity is 1.5 m/s. Assume that the steam side film coefficient 
is 4500 W/m 2 -K. For water use.Nu = 0.023 Re 0 8 Pr° 4 
The properties of water at 25°C are: 

p = 996.95 kg/m 3 , C p = 4178 J/kg-K, k - 60.78 x 10“ 2 W/m-K, v = 0.9055 x 10 -6 m 2 /s, 

Pr = 6.22, h fg (at 60°C) = 2358.5 kJ/kg 

[CSE (Mains) 2003 : 40 Marks] 

Solution: 

"W = 20,000 kg/hr 
h 0 = 4500 W/m 2 K 


Steam —► 
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Given: Steam side convection coefficient, h 0 = 4500 W/m 2 K 
Latent heat of steam at 60°C, h f = 2358.5 kJ/kg 

^ ate ^eat transfer from steam to water = m steam • h fg = x 2358.5 kJ/kg 

Q = 13,102.78 kW 

Mean film temperature for water T,= — + T ° =25°C 

’ f 2 

Reynolds number for water flow Re = ^2 l = 1 5 x Q Q225 _ = 37272.225 

v 0.9055x1 O' 6 

Consider the thermal resistance network for tube, 


Steam 






J W\Ar 


_. 1 In (D 0 /D) 1 

T s.eam-60 o C ^ cond " 2%Lk ^ 


T m (mean temp 
of fluid) 


Thermal resistance of tube, R 


cond. 


For the water flowing in tube, we have 


mi^L = N25/22 JL = 6.7075 x 1CH K/watt 
2nLk 2nx 2.5x100 


We know 


Nu = 0.023 Re 0 8 Pr 0 - 4 

= 0.023 x (37272.225) 0 - 8 (6.22) 0 - 4 = 216.74 
Kl hD 

Nu = — =216.74 
k 

. . 216.74 x 60.78 x12“ 2 

h=h,= - - - = 5854.79 W/m 2 K 


Internal convection resistance, 


1 


0.0225 

1 


h,A 5854.79 X7rx 2.5x0.0225 


= 9.665 x 10 -4 K/watt 


Overall thermal resistance , R net = 


_i_. p 
h,A, contl 


+ • 


1 


AA 


= 9.665 xIO -4 + 6.7075x1 O' 5 +_1_ 

4500 x 7i x 0 025 x ? s 

=> fl nel = 2.1654 x 10- 3 K/watt 

Overall heat transfer coefficient of heat exchanger, U and heat transfer surface = A 

n s 

_L =R 

UA. ne * 


Log mean temperature difference for heat exchanger = 


AT, - AT P 
ln(AT,/AT 2 ) 


T = (60-20)-(60-30) _ . . 7C „ 
^ im / "60-20 x - 34.76 K 


In 


\ Heat transfer rate through a single tube 

Q = UA a • AT /m = 


60-30 
AT 


/m 


_34.76 

flnet 27654xlo~^ = 16.053 kW 


Overall heat transfer rate 131n? 7 « 

No of tubes required = j. - = —-— 

9 16.053 ~ 816.23 ~ 817 tubes 
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Q.21 Define the term Nusselt number and explain its significance in the case of forced convection heat 
transfer. 

Atmospheric air at T m - 275 K and a free-stream velocity u„ = 20 m/s flows over a plate L = 1.5 m long 
that is maintained at a uniform temperature T w = 325 K. 

(i) Calculate the average heat transfer coefficient h m over the region where the boundary layer is 
laminar. 

(ii) Find the average heat transfer coefficient over the entire length L = 1.5 m of the plate. 

(iii) Calculate the total heat transfer rate Qfrom the plate to the air over the length L = 1.5 m and width 
W= 1 m. 

Assume transition occurs at Re = 2 x 10 5 . 

[CSE (Mains) 2004 : 30 Marks] 

Solution: 

Nusselt Number can be defined as the ratio of rates of heat transfer by convection to heat transfer by 
conduction in a heat exchange between a fluid and a solid. 


Where, h - convection coefficient 

K - conduction coefficient 
L c - characteristic length 

Nusselt number signifies the increase in heat transfer by convection mechanism in a forced convection case. 
If value of Nusselt number is high it signifies convection is the dominant form of heat transfer. 

Consider the forced convection from plate as shown in figure 



L=1.5m 


Film temperature for property calculation, 

T f = 7s ~ — = 300 K 

Properties of air at 300 K, H = 1 846 x 10 -5 kg/m/s 

p = 1.177 kg/m 3 
K= 2.624 x 10- 2 W/mK 
a = 22.07 x 10" 6 m 2 /s 

Reynolds number at transition from laminar to turbulent boundary layer = 2 x 10 5 . 

Assume transition occurs at a distance V from one end. 


Re = = 2 x 10 5 

* 


*cr = 


2 x 10 5 x 1.846 x 10 -5 


20x1.177 


= 0.157 m 
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Prandtl number for fluid flow, 


We know, for laminar region 


Solved Papers 


1.846x10 


,-5 


=> 

~ = (0.332 ■ Pr 1/3 ) • 


• X 


r\ 

u , 

_ 


Pr = — = — = 

a pa 1.177x22.07x10' 

Nu x = 0.332 Re t ° 5 • Pr 1/3 

| 1/2 


- 1/2 


= 0.711 


h x = 0.332 • Pr 1/3 - K f — 

a U; 

• • verage convection coefficient over laminar region, 


\1/2 


avg, L.am 


-j x cr 

— I h < dx 

*cr o 

7WJo .332 0.71 1 1 ' 3 • 2.624 x 1CT 2 f 1 ZZ 1 
157 Vi .846 x 10 -5 / 


n 1C7J x IU "I - | r _1/2 r/v 

0157 vl .846 x 10 -5 J djC 

0.157 

55.926 J x~ V2 dx = 2 x 55.926 x Vb. 157 = 44.32 Watt/m 2 K 


For Turbulent region 


Nu r = 0.0296 x Re o- 8 • Pr 1 ' 3 

= 0.0296 xfJ^llZZ.f XJC D.8 0 711 i / 3 
V1.846 x 10~ 5 J °- 711 


Nu = 


2024.765 x x° 8 
h- 


K = 2024 - 7 ^5 x x 0 8 => h x = 53.13 x *-0 2 
For the entire length of plate, average convection coefficient, 


h 1.5 


1.5 


f Qj 32 -Re° 5 -Pr V ^J<_dx^ 1 r 5 K(0.0296-Re? 8 -Pr 1/3 
o x J - 

• 0.157 X 


1.5 

6.958+ J 53.13 xx~° 2 dx 

0.157 


dx 


h avg = 55.81 Watt/m 2 K 
Total area for heat transfer, A = 1.5 x 1 = 1.5 m 2 


.*• Total heat tranfser rate from the plate, 

Q = h 


V(WJ 


avg s '' s 

Q = 55.81 x 1.5 x (325-275) = 4.186 kW 

Q.22 A fluid at a temperature 7V, , with a heat transfer coefficient h 1 flows on one side of a slab at v = 0 and 
another fluid at a temperature T°o 2 with a heat transfer coefficient h 2 flows on the other side of the slab 
at X = L Both the fluids flow in opposite directions. Develop an expression for the heat flow Q through 
an area ‘A’ of the slab. 

Calculate the heat transfer rate through an area of one square metre of the slab for the following data: 
Too i = 150°C I h 1 = 300 W/m 2 K, To« 2 = 50°C, h 2 = 600 W/m 2 K, thickness of slab = 5 cm and K= 20 W/mK. 

[CSE (Mains) 2004 : 30 Marks] 
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Solution: 



I 


Consider heat transfer on two sides of the plate as shown in figure. 

Taking thickness of slab to be V m and its thermal conductivity to be ‘K’ W/mK. 

networMor thi^case 1,3 ^ 1 ^ 6 ^ StreamS ° n doth sides remains constant. Constructing thermal resistance 

7 ” 1 * WV---WV\-•-VWV-• t , 

n * °°4 

Kconv ' 1 r? i h r 

siaD ''conv, 2 

= — = _X_ 1 

KA ~ h 2 A 

^ et therm al resistance between the two sides of slab 

net = ^conv, 1 + ^slab + ^conv. 2 

1 X 1 

fyA K/\ + h^A 

•’* heat transfer between the two sides, taking (T°° 2 > t°o ), 

o= I s - T -1 ^ Q= . r~ 2 -r^ 

fine. JTCZ7X 

M KA h 2 A 

Given the values of temperature and heat transfer coefficients, we get 

Q = T °°2 ~ T~1 

Jl 1 

fyA + KA + h 2 A 

=> heat transfer per square meter of area, 


Q 

A 


Too 2 — Too 1 

1 a: 1 

fyA + KA + h 2 A 


150-50 

(300)-' +^ + (600)-’ 


13.33 kW/m 2 


Q-23 A rectangular copper plate 10 cm x 50 cm, having a mass of 1 kg and at a temperature of 100°C i 

suspended vertically in still air at 20«C such that 50 cm side is vertical. Neglecting radiation effect find 

neat transfer coefficient due to natural convection and initial rate of cooling of the plate in °c/mim.t 
Take C p for copper = 383 J/kgK wmmute. 

The properties of air at mean temperature 60°C are: 

p a 1 06 kg/m 3 , v = 18.97 x 10~ 6 m 2 /s, Pr = 0.696, C D = 1.005 kJ/kg-K, k = 28.96 x 10" 3 W/m-K 
H •- 20.1 x 10 -6 N-s/m 2 

You may use the following correlation: Nu = 0.1 (Gr Pr) 1/3 
Will the result change if 10 cm side is vertical? Why? 


[CSE (Mains) 2006 : 20 Marks] 



72 ► 


Civil Services Mains 


Mechanical Engineering 


• Paper-ll 


Solution: 

Consider the plate as shown in figure undergoing natural convection 
in ambient air. 

For vertical plate, we have, 

Characteristic length, L c = 50 cm 
Mean film temperature for evaluating properties of air 


r m =?°±™ = 60 °c 


Prandtl number for air Pr = = 20.1 x IQ -6 x1005 

k 28.96 xIO -3 
Pr = 0.6975 


'P’teviotu, 
Solved Paperj 



m a 1 kg 
T S = 100°C 


r oc=20°c 


Volume expansion coefficient, ft = -1 = 

T m 333 


We know, 


Grashoff number Gr = ^°°)^ _ 9-81x333 1 x(80)x0.5 3 

v 2 (18.97x10 -6 ) 2 

Nu = 0.1 (Gr Pr) 1/3 = 82.96 

m hL c 

Nu = ~~ = 82.96 

f\ 


= 818634629.6 


=* h= 82.96 x 28.96 x IQ" 3 

0.5 

Heat transfer coefficient, h = 4.81 Watt/m 2 K 
Initial rate of heat transfer from plate to air, 

_ . Q= hA s( T s~ T J = 4 -81 X 0.5 x 0.1 X 80= 19.22 Watt 

This is the rate of decrease of internal energy of the plate, 

Q=y-C p -AT 

AT Q 19.22 

t ~ mCp ~ lx383 = °' 05 K ^ sec - = 3 - 01 K/min. 

Rate of cooling, = 3.01 °C/min. 

Rate of heat transfer will remain unchanged even on keeping 10 cm side vertical as 

hi ^ 

Nu= i^ = (o.l)(GrPr) 3 

h = independent of L 

Q.24 Steel ball bearings (K = 50 W/m-K, a = 1.3 x 10- 5 m 2 /s) having a diameter of 40 mm are heated to a 
temperature of 650°C and then quenched in a tank of oil at 55°C. If the heat transfer coefficient 
between the ball bearings and the oil is 300 W/m 2 -K, determine: 

(i) the duration of time the bearings must remain in oil to reach a temperature of 200°C- 

(ii) the total amount of heat removed from each bearing during this time; 

(iii) the instantaneous heat transfer rate from the bearing when they are first immersed in oil and 
when they reach 200°C. 


[CSE (Mains), 2007 : 20 Marks] 
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Solution: 

Checking applicability of lumped analysis: 


4 o 
hi h-^-nFI 3 

Biot number = Bi = nL ° = 3 

k k4nR 2 


300x0.04 
3 x 50 x 2 


= 0.04 


Since Bi < 0.1, entire steel ball can be treated as a lumped body and temperature difference in the body of 
steel are negligible. 

Assume temperature of ball drops by dT\n a duration of time dt. 

Heat lost by body by convection = Decrease in internal energy of the body 

dtxhA-(T- TJ = -mC dT=-pVC n dT 
Since T x ~ constant, ^ y , 

W-TJ M h 

T ~ T ~ P C p -v' dt (k/a)-L^' dt 

Since, a = — and — = Ln=fL 

P C P A ^ 3 r -\ 

- k = 50 W/mK 

~ T ~) _ _(3ha} q —-f J a = 1.3 * io" 5 m 2 /s 

T — T 00 Rk d = 40 mm 

Integrating both sides °° oil: T i = 650 ° c 

T T x = 55°C 

r d{T-TJ r f 3ha\ /» = 300W/m 2 K 

{ (T-r.) - l dt {~Wi ^ -- ■> 

=> In Lzls. _ ( 3ha) 

l T ‘~ T ~\ f ’l Rk J 

This is the required relation between temperature attained of ball and time required. 

Solving (1), we get 

Inf — ~ 328 1 = -to.oi 17 


-K-t) 


Oil: 

To = 55°C 
h = 300 W/m 2 K 


k=50 W/mK 

a = 1.3 x 10 5 m 2 /s 
d = 40 mm 
T, = 650°C 


= t- - 


(0 Time required for bearing to reach 200°C 

* -1 , [ 473-3281 

0.0117 n [ 595 J 20 67 sec - 
(») Total amount of heat removed during this time to reach 200°C 

= decrease in internal energy of ball 

= mC p A7 = pVC^T = -~nR 3 ■(7,-7) = 57.978 kJ ~ 58 kj 

oc o 

{Hi) Instantaneous heat transfer rates: 

(a) When its first submerged, bearing temp = 650°C 

Q =hA s (T-TJ = 300.4 nFP • (650 - 55) = 897.24 Watt 

(b) When it reaches 200°C, 

Q'= h A S {T- TJ = 300.4ji • 0.02 2 • (200 - 55) = 218.65 Watt 

Q-25 A 30 cm x 30 cm horizontal duct made of sheet metal carries warm air. The duct is maintained at 65°C 
and is 10 m long. Heat loss from duct to the ambient air takes place due to free convection only. If the 
ambient air is at 25°C, calculate the heat loss from the duct. 

Use the following free convection correlations. Heat transfer from the upper surface of a horizontal 
plate: 



Civil Services Mains 


"PnOHMa 
Solved Papers 


74 ► 


Mechanical Engineering 


Paper-ll 


Nu = 0.54 (Ra L ) 1/4 Heat transfer from the lower surface of a horizontal plate: 

Nu = 0.27 (Ra L ) 1/4 Heat transfer from vertical plane Nu = 0.59 (Ra L ) 1/4 

The properties of air at 45° are 

Pr = 0.695, v = 1.85 x 10 -5 m 2 /sec, K = 0.028 W/mK 

[CSE (Mains) 2008 : 20 Marks] 


Solution: 


E 



Heat transfer takes place from 4 surfaces - ABFE, DCGH, BCGF and ADHE by means of free convection. 

Film temperature, T f = T* +T °° = 65 + 25 = 45 °q 

2 2 

For horizontal surfaces - top and bottom 

Characteristic length, / = — = - = o 146 

c P 2(0.3 + 10) 

Grashoff number for natural convection, 


m 


Gr = 5 Ws-TJ-lj = 9.81 x318~ x40x0.146" 
v 2 (1.85 x 10 -5 ) 2 


For upper plate: 


= 11220623.48 

Rayleigh number, Ra L = Gr L • Pr = 7798333.316 


Nu = 0.54 x (Ra L ) 1/4 = 28.536 


We know 


Nu = —2- = 28.54 
k 

28.54x0.028 

h = - 

0.146 


5.46 W/m 2 K 


Heat transfer from this surface, 0 1 = hA s {T s - TJ = 5.46 x 0.3 x 10 x (40) = 655.48 watt 
For lower plate: 


Nu = 0.27 (Ra t ) 1M = 14.27 = = 14.27 => h = 2.73 W/m 2 K 

Heat transfer from this surface, Q 2 = h A S (T S - TJ = 2.73 x 0.3 x 10 x 40 = 327.74 Watt 
For vertical surfaces- 

Characteristic length, L c = 0.3 m 
Rayleigh Number, Ra L = Gr L • Pr 

gP(T s - TJt* ■ Pr _ 9.81 x 318" 1 x 40 x 0.3 3 _ 

= 7 = (T85x10- 5 ) 2 - 0695 

= 67656104.86 
Nu = 0.59 (Ra L ) 1/4 = 53.51 






mnDE EB5U 


Heat Transfer ◄ 75 


=> Nu = 

/. Heat transfer from two such surfaces, 


hLc 

k 


53.51 


h = 


53.51x0.028 

0.3 


4.99 W/m 2 K 


Q 3 = 2 x h ■ A s • {T s - TJ = 2 x 4.99 x 0.3 x 10 x 40 = 1198.61 Watt 
Total heat loss from duct = Q 1 + 0 2 + 0 3 = 2.182 kW 


Q.26 A hot plate of 15 cm 2 area maintained at a temperature of 200°C is exposed to still air at 30°C 

temperature. When the smaller side of the plate is held vertical, convective heat transfer rate is 14% 

higher than when the bigger side of the plate is held vertical. Determine the dimensions of the plate. 

eg ect internal temperature gradient of the plate thickness. Also determine the heat transfer rate in 
both the cases. 

Use the following relation: Nu = o.59 (Gr • Pr)° 25 

Take the following properties of air: 


Temperature 

(°C) 

P 

(kg/m 3 ) 

C p 

(kJ/kg-K) 

M- 

(N-s/m 2 ) 

K 

(W/m-K) 

30 

1.165 

1.005 

18.6 x 10" 6 

0.0267 

115 

0.910 

1.009 

22.65 x 10- 6 

0.0331 

200 

0.746 

1.026 

266 x i q- 6 

0.0398 


Solution: 

Assume one of the sides of plate has length V cm. 
Since area of plate = 15 cm 2 

15 

Other side of plate = y = — cm 
Mean film temperature for evaluating properties of air, 


T = T s +T ~ 

m 


30 + 200 


2 2 
Heat transfer from plate, Q = hA s {T -TJ 

Q a h 


= 115°C = 388 K 


[CSE (Mains) 2009 : 30 Marks] 



Also, Nusselt number, Nu = —=> h = -- u ^ 

k 4 

Case-1: Side of length V m is kept vertical 
Characteristics length = V m 

p „ n , ,. . . \iC P 22.65 x 10 -6 x 1009 

Prandtl number for fluid = =--— = 0 69 

k 0.0331 


Grashoff number 

Nusselt number, Nu 
Nu 

Heat transfer coefficient, h 


SMTs-TJl* _ 9.8 x 388~ 1 x170 3 

v 2 (22.65 xIO" 6 /0.91) 2 * 

6937972516 jc 3 

0.59 x (Gr • Pr) 0 25 = 155.193 x (x 3 ) 0 25 
155.193 xx 0 75 

Nu k 155.193 xx 075 x 0.0331 


(since v = jx/ p ) 


X 



—v.n, m.lMrWri- a«—- 
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.-0.25 


Heat transfer coefficient when side jc is vertical = =5.14* 

heat transfer coefficient when side y is vertical = h 2 = 5.14 ■ (y)~° 2 
Heat transfer in case of ‘y’ being vertical is greater than case I by 14 /o 

Q 2 = 1.14 0 1 

=> h 2 = 1.14 / 7 1 (since Qah) 


5.14 ■ y-0.25 = -J 14 .5.14 • x 

v0.25 


-0.25 


= 1.14 


1 = 1.689 

y 


‘P’tewMu 
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15 lx 


= 1.689 


=> x = 5.03 cm, y= 2.98 cm 

Heat transfer in Case-1, (bigger side is vertical) 

Q, = Ms (V TJ = 5.14 • (0.0503)"° 25 x (15 x 10-) x 170 

= 2.768 Watt 


Heat transfer in Case-ll (smaller side is vertical) 

Q 2 = 1.14 Q 1 =3.16 Watt 

Q.27 For a circular tube, explain with the help of neat sketches. 

(i) Hydrodynamic entry region and hydrodynamically developed flows. 

(ii) Thermal entry region and thermally developed flows. 

[CSE (Mains) 2009 : 15 Marks] 


Solution: 


Velocity boundary layer Developing velocity profile 



Hydrodynamic entry region as shown above is the region from pipe inlet to the point at which velocity profile 
is fully developed. .... 

The region beyond entrance region where velocity profile is fully developed and remains unchanged is called 
hydrodynamically developed flow. 
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(ii) 



H Thermal entrance region -_»I m Thermal fully 

i developed region 


. | re ^'° n is defined as the region of flow from entry to the point where thermal boundary layer 

develops and reaches centre of tube. Length of th.s region is called thermal entry length. 

/ t ^ Ti \ ( t r ^ erma * entr y re Qi° n where thermal profile and dimensional temperature profile expressed 
1 s / m ) remams unchanged is called thermally fully developed region. 

Q 28 rpmnvflTt^ 6 P *,f StiC film ° n a copper s P here having 10 mm diameter is cured in an oven at 75°C. Upon 

and r i e K° Ven ’ the C0PPer Sphere iS subjected to on air stream at a pressure, temperature 

35»C? StatP t°h ' and 10 m/S respectively - How lon 9 » will take for the sphere to cool down to 
35 C? State the assumptions made and justify the method of analysis used. 

For copper the density, specific heat and thermal conductivity are, respectively 8933 ko/nv> 3ftR in,„ k 

and 350 W/m-K. The following correlation for forced convection may be used ' ° 

Nu d = 2 <• [0.4 Re” 2 + 0.06 Re 2/3 ] Pr° 4 

For air. kinematic viscosity, thermal conductivity and Prandtl number at the mean film temperature 
under consideration are 15.53 x io-« m 2 /s, 0.025 W/m-K and 0.708 respectively. P 

[CSE (Mains) 2010 : 20 Marks] 

Solution: 

Consider the sphere as shown in figure being cooled in air steam at 7" = 23°C 

Assumptions: 

(a) Properties of air remain constant and uniform throughout *" 

the process. 

(b) Radiation effects are neglected. 

(c) Thermal conductivity of copper and dimensions of sphere 
remain constant. 

Characteristic length for sphere, D = 0.01 m 

75 + 23 


air stream 
T, = 23°C 

v= 10 m/s 


Mean film temperature, T f = 
Reynolds number for flow = 




vD 


= 49 C C 



Re D - 


10x0 01 


r =6439.15 


15.53x10“* 

Prandtl Number, Pr = 0.708 

We have. Nu d = 2 + [0.4 Re d 1/2 + 0 06 ReJ /3 j Pr 04 = 48.0445 
hD 
k 


Nu d = 


We know, 
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h 


_ 48.0445 x 0.025 _ -j 2 o 11 W/m 2 K 
0.01 


Biot number for transient heat transfer from sphere, 

hD _ 12011x001 = 3 43 x 10 -3 
k 350 

Since Bi < 0.1, entire sphere can be considered as a lumped body for heat transfer. 

Assume sphere is at a temperature T and for a small change in temperature (dT) of the sphere, we have 
with in dT, Q = hA{T- TJ dt 

This will be equal to reduction internal energy of sphere, 


Q = -mC p dT 


dt[hA ( T- TJ = -(pV) C p dT 


d(T-TJ 


hA 


(T-rj 

Integrating both sides within proper limits, 


pVC i 


dt 


(dT= d(T-TJ since 7, is constant 


j d(T-TJ 


hA 


In 


T-T„ 

p VC 

pi-Tl 

hA 

U--T.J 

p VC 


p o 


Jdt 


(0 


Time constant, x = = _ 12 011 * 47t(0.005) 2 — = 0 02088 -i 

p p 8933 x | 7c(0.005) 3 x 388 

Time required for temperature at sphere to drop to 35° from 75°C, 

X 0^08 = 70 5 Seconds 

Q.29 A steel strip emerges from hot roll section of a steel mill at a constant speed of 0.1 m/s and a temperaturf 
of 500°C. The length, width and thickness of the steel strip are 10 m, 1 m and 0.003 m respectively. Aii 
at a mean velocity and free stream temperature of 20 m/s and 20°C respectively flows transverse!) 
over the strip. Density, specific heat and emissivity of steel strip, respectively, are 7850 kg/m 3 620 J/kc 
and 0.7. The thermal conductivity, kinematic viscosity and Prandtl number for air at 20°C are respective!) 

0.044 W/m-K, 4.5 X ItT 5 m 3 /s and 0.68. Neglect the variation in strip temperature across its width anc 
thickness. 

(i) Write the governing equation for the temperature distribution along the length of the strip 

(ii) Neglecting radiation from the steel strip, derive an expression for the temperature of steel strip. 

(iii) Neglecting radiation from the steel strip, calculate the steel strip temperature at the trailing edge. 
The following correlation for convection heat transfer may be used: 

Nu = 0.037 Re“'_ 8 ( Pr 1/3 

Symbols have the usual meaning. 


t = -In 


35-23 
L75-23 I 


[CSE (Mains) 2012 : 20 Marks] 




hAt 

(jjj) T f = 20° + (500-20)e pVCp 

For an element 'dx V = (1) (0.003)(d«) 

A = (dx){ 1) 

(47.214)(gfx)x100 

T = 20 + (480)e 7850x0 ' 003 ( d;t ) 62CI 
T f = 367.38°C 

Q.30 The average friction coefficient, when an incompressible fluid flows over a stationary flat surface with 
free stream velocity of 10 m/s, is 0.008. The average temperature of the plate and free stream fluid 
temperature are respectively at 120°C and 20°C respectively. Fluid properties known : density 
= 0.88 kg/m 3 and specific heat = 1001 J/kg-K, Pr = 0.65. 

Estimate the average rate of heat transfer per unit area of the plate. Flow over the plate is laminar. 

[CSE (Mains) 2012 : 12 Marks] 
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Ko = 10 m/s, t = 120°C, p = 0.88 kg/m 3 , Pr = 0.65, C f = 0.008 , L = 20°C, C p = 1001 J/Kg-K 
According to Reynold-Coulomb analogy, v= io m/s = 2o°c 


St. Pr 2 ' 3 = S. 

2 

0.008 

St = 2 x (0.65 ) 2/3 

h 0.008 

7v^ = 2x(0.65) 2/3 

0.88x10x1001x0,008 
h= 2x(0.65) 2/3 
h = 46.957 W/m 2 /K 



\ Nu _h{ y m_ 
FlePr K ^VjTp r 
hxvxa _ hxK 
~ KxV„xv~ C p KpV^ 

a -?k 


J = /i(T s -7J = 46.957x(120-20) = 4695.7 W/m 2 

Q.31 A hot plate of 100 cm height and 25 cm wide is exposed to atmospheric air at 25°C. The surface 
temperature of the plate is 95°C. Find the heat loss from both the surfaces of the plate. Also find the 
change in heat loss if the height of the plate is reduced to 50 cm and the width is increased to 40 cm. 

Use the following relations: Nu = 0.59 (Gr.Pr) 0 25 if Gr.Pr < 10 9 , Nu= 0.10 (Gr.Pr) 033 , if Gr.Pr > 10 9 
The properties of air are: p = 1.06 kg/m 3 , C p = 1004 J/kg-K, k = 0.029 W/m-K, v = 18.97 x 10~ 6 m 2 /sec 

[CSE (Mains) 2013 : 15 Marks] 

Solution: 

Case I: 


As we know that 


9P ATI 3 


T 0 +T„ 


Flow is turbulent, 


Case II: 


L = 0.5 m, B = 0.4 m, 


Hence the flow is laminar 


„ 0 gfiATL 3 v K 

GrPr = — x - [ v a = ~7n~ 1 

v 2 a P O p J 

GrPr= fi ATL3gpC P _ 70xI 3 x9.81x1. 06 x 1 004 

vK 333x18.97x10^x0 029 
= 3.9893 x 10 9 > 10 9 
Nu = 0.1 x(GrPr)°- 33 = 147.33 

NuK 147.33x0.029 
h= —j— = ---= 4.27 W/m 2 K 

Q = U ■ A ■ AT = 4.27 x (2 x 1 x 0.25) x 70 
= 149.54 Watt 


70 x 0.5 3 x 9.81x1.06x100 4 E 

GrPr = -is- « 

333x18.97x10“* x0.029 ° t=[ 

= 0.498 x 10 9 < 10 9 ^ 

Nu = 0.59 (GrPr) 0 - 25 = 88.166 

NuK =5 H36 W /m 2 K 

L 

0= UAAT = 5.1136 x (2 x 0.5 x 0.4) x 70 = 143.182 Watt 
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Q.32 Do you think that velocity boundary layer and thermal boundary layer depend on Prandtl number? If 
yes, explain properly. Also explain, with the help of neat sketches, the significance of relative thickness 
of velocity boundary layer and thermal boundary layer for the following: 

(i) Liquids (jj) oils 

[CSE (Mains) 2013 : 10 Marks] 

Solution: 

Relative thickness of thermal and velocity boundary layers depends on the value of Prandtl number for the 
fluid. 

By definition, 


Prandtl number = i^l P^cular dittusivity 

II I. I_.1 _ . .it r • 


Molecular diffusivity of heat 


a 


K 




(i) 



T 

5 t 

i 


transfer kfPitthrnnnhii„ ^ T ' v '■ nei,ue uue 10 n| 9 n conductivity effect of heat 

laver Th^s teal tn a I t ^ and ’ herma ' b ° Undary ' ayer iS mUCh thiCker than velooit y boundar y 
(ii) For oil P >> 1 HphTp f f k T. m6talS in h6at eXChan 9 ers and as co °l ants in nuclear sector. 

H ? , Ha 00 y boundar y la y er is much thicker as compared to thermal boundary laver 

Heat transfer in this case is slower than momentum transfer. y V 

0 33 l 2 ; Str ° ke m ? t0r CyC ' e Petr °' engine cylinder Consists of 15 fins its outer surface. If the outside and 
is 475-CandThe t h" 2 °° mm and 1 °° mm respective| y' the avera 3e fin surface temperature 
L foilling cLZ P a ' r PeratUr8 " 25 ° C ' CalGU,ate * hS heat ,ransfer the fins for 

(i) when the motor cycle is stationary; 

(ii) when the motor cycle is running at a speed of 60 kmph. 

The fin may be idealized as a single horizontal plate of the same area, and the significant length 
be taken as L = 0.9 d 0 , where d 0 is the outer diameter of the fin. Assume d 0 as 200 mm 
The properties of air may be taken as follows: k= 4.266 x 10- 2 W/m°C;v = 40.61 x 10- 6 m 2 / 

For turbulent flow (forced convection) Nu = 0.036 (Re) 08 (Pr)° 33 S ’ r ~ ^'® 77 

For natural convection: Nu = 0.54 (Gr. Pr) 1 ' 4 if (Gr. Pr) < 10 9 ; Nu = 0.10 (Gr. Pr) 0 33 if (Q r p r ) > 1q9 

[CSE (Mains) 2015: 20 Marks] 

Solution: 

Given: D 0 = 200 mm, D i = 100 mm, T m = 25°C 
(i) When motorcycle is stationary: 


U = 475 ° c 


- 0-9, d Q = 180 mm = 0.18 m. 


Gr = 


^avg 


Y 2 

475 + 25 


= 250 
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P Ta»g 523 

(9.81)1-1- ](450)(0.18) 3 

Gr = 1 523 i _= 29849108.77 

(40.61x10"° ) 2 

Pr = 0.677 

Gr. Pr = 20.207 x 10 6 < 10 9 

Nu = 0.54 (Gr. Pr)° 25 = 36.205 
hL 

-7 s - = 36.205 
k 

h _ 36.205x 4.266x10 _^ _ g 58068 W/m 2 k 
(0.18) 

q = hAAT 

= (8.58068) ^(0.2 2 -0.1 2 )x2x450x15 


= 2.729 kW 

(ii) When motorcycle is running at 60 km/hr. 


V= 60x — = 16.66 m/s 
18 

Nu = (0.036)(Re)0.8(Pr)°- 333 
Pr = 0.677 

_ vL (16.66)(0.18) 

Re= Y 40.61x10“ 6 

Nu = (0.036) (73843.88)° 8 (0.677)° 33 

Nu = 248.34 

, 248.34x 4.266 xIO- 2 co oc 

h= -0l8- = 58 ' 85 


Q= (58.85)2 x-(0.2 2 - 0.1 2 )x450x15 = 18.721 

Q.34 Air flows over a surface, 2 m in length, oriented in the direction of flow and of sufficient breadth, 
maintained at 150°C. The pressure is 1 atm and the bulk air temperature is 30°C. If the air velocity is 
12 m/s, find the average heat transfer coefficient. 

Use the following physical properties of air at film temperature, that is + 30) _ . 

p = 0.962 kg/m 3 , p = 2.131 x 10~ 5 kg/ms k = 0.031 W/mK, C p = 1.01 kJ/kg K 
Nu = 0.332 Re 1/2 Pr 1/3 for laminar flow Nu = 0.0296 Re° 8 Pr 1/3 for turbulent flow 

[CSE (Mains) 2016 : 20 Marks] 

Solution: 

Given the properties of air at 8 - = 90°C are as follows 

=> V air = 12 m/s, p = 0.962 kg/m 3 , m = 2.131 x 10" 5 kg/ms; 

R = 0.031 W/mK, C p = 1.01 kJ/KgK “ r= 150 » c j 


Nu = 0.332 Re 1/2 Pr 1/3 for laminar flow 
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Nu = 0.0296 Re 0 8 Pr 1/3 for turbulent flow] 

pUL 0.962x12x2 Hn oo/ioc: in5 
Reynolds Number, Re = ~— ~ '2 131x10 -5 = ^-83435x10 

Since the value of Re > 5 x 10 5 , Hence it is the case of turbulent flow. 


Hence, 


□ „.,m u H c p 2.131x10- 5 x1.01x10 3 

Prandtl Number = -f- =-—--= 0.6943 

K 0.031 

Nu = 0.0296 x (10.83 x 10 5 ) 0 8 x 0.6943 1/3 = 1763.28 


hi u NuxK 1763.28x0.031 
Nu= _^ = __--- 

h= 27.33 W/m 2 K 


= 27.33 W/m 2 K 




Radiation 


Q.35 The surface of two circular discs parallel to each other, each with 1 m 2 area, are exchanging thermal 
radiation with each other and with the surrounding walls. The temperatures of disc 1, disc 2 and the 
walls are 800 K, 500 K and 300 K respectively. The shape factor between discs is 0.5. Compute with 
help of network analysis the net radiative heat transfer between the two discs. 

[CSE (Mains) 2001 : 30 Marks] 


Solution: 


For discs (1) and (2), we have 


For wall, 


A 1 = A 2 = 1m 2 

T = 800 K, T 0 = 500 K, F 19 = 0.5 


T 3 = 300 K 


For disc (1), 


^11 + ^12 + ^13 - 1 ('•’ ^11 _ 

F 13 = 1 - F 12 = 1 - 0.5 = 0.5 

By symmetry, F 23 = 0.5 

Both the discs and the walls are assumed to be blackbodies. 

Thermal network for this case can be drawn as: 

Calculating thermal resistances, 

= —-— = —-— = 2 rrT 2 

12 A|F| 2 1-0.5 

R = —-— = —-— = 2 rrf 2 

13 N=n 1 - 0.5 


^23 “ 


A^F 23 


- 2 rrf 2 


Since the two bodies are black bodies, 


4 = ^ ^ 
j 2 = r*=°r 4 


Heat exchange between the two discs 



Disc (T) 


Wall® 


Disc ® 



_ J,-J 2 _ g( T i 4 -' r 2 4 ) _ 5.67x IQ -8 x(800 4 - 500 4 ) 


= 9.84 kW 



84 ► 


Civil Services Mains 


Mechanical Engineering • Paper- 


Solved Papers 

== 0.5 and ^ = 0.8 respectively. 


Q.36 Two large parallel plates at T, = 1000 K and T z = 750 K has emissi em | SS j V ity of eg 2 = 008 on the 

A radiation shield having an emissivity of eg ., = 0.12 on one si e by radiation per square metre 

other side is placed between the plates. Calculate the heat tran 

with and without radiation shield. Take o = 5.67 x 10" 8 W/m (Mains) 2005 : 30 Marks] 


Solution: 

Given: For plates (1) and (2), we have T, = 1000 K; T 2 - 750 


e 1 = 0.5 


e 2 = 0.8 


For radiation shield (3), we have F 3 1 = 0.12, E 3 2 0.08 


Thermal radiation network without heat shield, 


® —ww—vwv—vwv— w 63i © e32 

J R, *12 ** fc 

Heat transfer rate between the two plates without radiation shield per sq 

Ql , ^ - E b2 o(7r-7?)__ [F 12 = 1 for large parallel plates] 

t " A(R 1+ f? 12 +F? 2 ) ■ ) 

e 1 A AF 12 A} 


5.67 x 10~ 8 x (l OOP 4 - 750 4 ) 
= 1^05 1 1 - 0.8 ~ 

-1-1-T—T 

0.5 1 0.8 

Thermal radiation network with radiation heat shield: 


= 17.23 kW 


I R, R U 3l1 *3,1 1 *3.2 *2-3.2 ' 

Rate of heat exchange between the plates per square meter with radiation heat shield, 

Sk = _-—, 

A Ax [(F? 1 + R u 3,1 + ^3,1) + ( ff 3.2 + ^2-3,2 + ^2 )J 

__ CT fc 4 -#) _ 

Yi-g 1 + __i__ + l: e 3.i V p~ e 3.2 , 1 

6 1 A AF^gj e 3(i J (e 3 , 2 ^ AF 2-3,2 e 2 J 


5 67 x 1 0 -8 x (l 000 4 - 750 4 ) 

1 JL 1 VfJ_ + J__ 

0^5 + 0.12 J v 0.8 0.08 


(Since large and parallel plates F 1-31 = F 2 _ 3 2 = 1) 


= 1.755 kW 


Q 37 The configuration of a furnace can be approximated as an equilateral 
triangular duct which is sufficiently long that the end effects are 
negligible. The hot wall is maintained at 7, = 900 K and has an emissivity 
e, = 0.8. The cold wall is at T 2 = 400 K and has an emissivity = 0.8. 
The third wall is reradiating zone for which Q 3 = 0. The accompanying 
sketch illustrates the configuration. Calculate the net radiation heat 
flux leaving the hot wall. 


T, = 900 K; 
= 0.8 / 


t = 400 Ki 
\ ,, = 0.8 


[CSE (Mains) 2007 : 20 Marks] 



mnoE Ensa 


Heat Transfer * 85 * 


Solution: 

Given: For the walls (1) and (2), we have 

T, = 900 K, e 1 = 0.8, 
r 2 = 400K, e 2 = 0.8, 
For reradiating surface, 0 3 = 0 
Thermal network in this case can be drawn as below: 

Assume length of each side of the equilateral 
triangular furnace are 7'm. © 

L+L-L i +1 -1 

We know, F 12 = -- = ——— = 0.5 

For triangular ducts 

By symmetry F 13 = F 23 = 0.5 

Calculating overall thermal resistance, 





Q.38 Consider a diffuse circular disc of diameter Dand area Ay and a plane diffuse surface of area A. << A.. 
The surfaces are parallel and A ; Is located at a distance L from the centre of Ay. Obtain an expression 
for view factor. 

[CSE (Mains) 2007 : 10 Marks] 

Solution: 

Consider the two diffuse circular disc A -of diameter D and smaller diffuse disc A ( . at a distance L from the 
centre of Ay. 
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Assume intensity of radiation from A in a direction perpendicular to it is J n . 
Consider an element on A, of area dA. 

Portion of heat emitted from A and incident on dA = d 

l M l-J 

_l A 

Solid angle subtended by area dA on A. = d\if = — r- 

f T j2 

Since the body is diffuse, intensity of radiation emitted in all directions 
is same. 


fS'ieuiotu 
Solved Papers 


Hence, we have, 
Also, we know. 


r a # T . dA 

= I n -A i d\V = I n A r — 


<*<-/ 

dA = 2nrdr 


Integrating both sides, we get, 


d qi-j = ! n A i 


2nrdr 

~U~ 



- Top 
view 


r I A I A 

R-, = j2*rdr = ^ 


We know, that for a diffuse body 
Total radiation emitted by the body, q. = nI n A j 
*'• Fract i° n of radiation emitted by A falling on body A y 

Shape/view factor = F = 


■ 7C 


D 2 

4 


A 


4A 


D‘ 


Qi 


7l/ n A,- 




£ 

4L^ 


This is the required expression for view factor. 

Q.39 A 0.5 m diameter disc heater is horizontally placed and enclosed concentrically in a hemispherical 
shaped surface. The surface of the enclosure having an emissivity of 0.7 is maintained at 500 K The 
disc heater, having emissivity of 0.8 is maintained at 1200 K. The diameter of the hemisphere is 2 m 
and the remaining base area enclosed is open to surroundings at 300 K and may be considered as 
black with reference to radiation network. Using thermal network method, calculate the heat exchanoe 

between heater and surroundings. Neglect convection heat transfer. Assume heater and hemispherical 
surface are opaque, diffuse and grey. - p ericai 

Solution: 

Consider the heater (1) and endosure (2) as shown. 

For heater (1): T 1 = 1200K 

e 1 = 0.8, d A = 0.5 m 

For endosure (2): T 2 = 500 K 

e 2 = 0.7 K 


[CSE (Mains) 2010 : 20 Marks] 


Thermal network for this case between (1) and (2): 

0 |-VM—^-WA—-1 

1 Ri2 R 2 ^ 



Heat transfer between heater and enclosure will be, 
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For heater 


11 1 2 ~~ 1 

F ]2 = 1 

Q - 5-- c * 

^2-5 

n net 


4 -7?) 

e lA A^12 e 2A 


(Since (1) is a plain surface) (F^ = 0) 


5.67 x 10" 8 x (12Q0 4 - 500 4 ) 
1 - 0.8 1 1 - 0.7 

nfi.ZLl 0 ' 5 Tr-0.5 2 0.72n • I 2 

4 4 


= 17.72 kW 


The heater exchanges radiation with the surroundings from its other surface. 

suming surroundings to be black w.r.t heat exchange, heat transfer between surroundings and heater. 

<7i3= erVa(7?-7 3 4 ) 

= 0,8 - — O' 5 •5.67x10~ 8 x(1200 4 -300 4 ) 

= 18.396 kW~ 18.4 kW 

Q.40 An electric furnace consisting of two flat surface heaters, top and bottom, is used to heat treat a 
coating that is applied to both surfaces of a thin metal plate inserted midway between the heaters. The 
heaters and the plate are 2 m x 2 m on a side, and each heater is separated from the plate by a 
distance of 0.5 m. Each heater is well insulated on its back side and has an emissivity of 0.9 at its 
exposed surface. The plate and side walls have emissivities of 0.6 and 0.3 respectively. Under steady 
operating conditions, both heaters are at 800 K while the side walls are at 400 K. View factor between 
the heaters and the plate is 0.62. 

(i) Sketch the system and its equivalent thermal network and label all pertinent resistances and 
potentials. 

(ii) Calculate the associated resistances and driving potentials. 

(iii) Calculate the required electrical power. [CSE (Mains) 2012 : 20 Marks] 

Solution: 

Consider the schematic of heaters, plate with coating and walls /Top heater^^ 

We have: ^ ^ 


'Top heateri 


For heaters (1) and (2), j 

A = A, = 2x2 = 4m 2 T | 

e, = e 2 = 0.9, 7' 1 = 7 2 = 800 K 1 _ j 

Also, F.o = F ? - = 0.62 T "j~~ - 

13 23 0.5 m 

For walls (between heater and plate) J_ 

A w = 4 x 0.5 m x 2 m = 4 m 2 j*_2 m — 

e w = 0.3, T w = 400 K, A 3 = 4 m 2 , e 3 = 0.6 
Thermal network along with resistances and driving potentials are as below: 


• Bottom heater 
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T w = 400 k R w 

- AAA/V- 

^3 

*3 

AAAA 

ffff 

Side wall (w) 

V7" 

■ J Wv> - 

Plate (3) 
Upper wide 





1 

T 1 

Top Heater (1) 
800 k 



Tv_ 

Side wall 


^*3 J 5 . A 





Plate (3) 

Clower side 


Bottom Heater (2) 


Value of thermal resistance, 


D r > 1 — £-1 1 — 0.9 9 

A = A = —- 1 = = 0.028 rrr 2 

1 2 e 1 fi^ 0.9-4 


« 3 = = = 0.167 m- 2 

d e 3 A 3 0.6-4 


A = ^r- = = 0.5833 rrr 2 


For heater (1): 


6 w Av 0.3 • 4 


Similarly, 

For plate (3): 


F M + F :3 + F , W = 1 (F„=0) 

F tw ~ ^ — ^"i3 - 0.38 


F 2 W = 0.38 


F 31 = 

1 





Aw - 

1 - F 31 = 

1 - 

0.62 = 

= 0.38 




1 

(y 

■ A = 

a. A A 3 = Aj A1 

A 3 = 

R 23 = ~T 

— _ 

1 

= 0.403 rrr 2 


A 

F 13 

4 x 

0.62 

Aw = 

fl2 " = A 

1 

F 1 w 

1 

0.38 x 4 

= 0.658 rrr 2 

Aw = 

> 

n 

4 x 

00 

OO 

T - — O 

= 0.658 m -2 


13 ~ ' 31 


By symmetry, potential on both sides of the plate remains same. 

During steady state no heat flows into the plate and it behaves like a re-radiating surface 
Thermal network reduces to: 


J w 



R 3 w 3 ^13 


Total thermal resistance between walls and heater, 


Apt = A +R w + 


(F?i3 + F? 3kV )R 1 


Aw + (A3 + A w) 


= 1.0172 m- 2 
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Heat transfer from heater = q = ^^ = 5.67x10 8 (800—400_) _ 21.404 kW 

q R ne{ ~ 1.0172 

Same amount of heat is emitted by bottom heater as well. 

Required electrical power = 2 x 36.5 = 42.8 kW 

Q.41 Explain Wein s displacement law. Assuming sun to be a blackbody with a constant surface temperature 
of 8780 K, the wavelength at which it will have the maximum spectral emissive power. 

[CSE (Mains) 2013 : 10 Marks] 

Solution: 

Wein s displacement law: As the temperature of a blackbody 
increase, peak of spectral emissive power shift towards shorter 
wavelengths. The wavelength at which the peak occurs for a 
specified temperature is given by Wein's displacement law as 
follows: 

Assume wavelength at which sun has maximum spectral 
emissive power is X m . 

From Wein’s displaement law, we know that for blackbody, 

X m -T = 2898jam K 
Surface temperature of sun = 8780 K 
=> Wavelength of max. emission = X m = 0.33 jam 

Q.42 A thin radiation shield having equal emissivities on both sides is introduced parallel to and in between 
two large planes with emissivities 0.8 and 0.5 respectively. Determine the emissivity of the radiation 
shield to reduce the heat transfer rate by 92% of the original. 

[CSE (Mains) 2014 : 10 Marks] 


(^T-)max power = 2897.8 K 



Solution: 


T, © T 2 





Thermal radiation network corresponding to this problem 

Assume that the two plates are at temperature 7, and T 2 . 

Assume emissivity of radiation shield is e. 

Consider the figure above for radiation network corresponding to this problem. 
Thermal resistance without heat shield placed between the two plates, 

R = /T, + /?i2 + F?2 

= 1-61 ; 

€1 A 

Since the two plates are parallel and large. 

A 1 = A 2 = A 


F 12 A., e 2 A 2 
and F 12 = 1 
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Heat transfer between the plates without the heat shield, 

c °(T - r 2 4 ) _ O12- 

0 '- 2 - R =* A + S + 

Gl F 12 e 2 

o(Tf -T ?) = 0.444 - ad, 4 - V> Wat,/m2 

0 8 0 5 . . I ork 

For the case when radiation shield is introduced between the two plates from the 

Total thermal resistance, R net = (ft, + f? 13 + R 3 ) + (R 3 + F 23 + R 2 ) . 

-f 


,irri + i-i] + 

A E 1 E J 


1 1 1 
- +-1 

e 2 e 


(since F 13 — F 23 - 1) 


u _ ir i 1 i 4 .j_ + i_il = -fi.25+- 

^net /\08 + e 05eJ 

We know that, new heat transfer (with radiation shield) is 92% less than original heat transfer (without radiation 
shield). 

... Heat transfer with radiation shield 


?i -2 _ = (1 - 0.92) x 

— A D A 


a( -K _ III - o.08 x 0.444 xo(V - T 2 4 ) 

1.25 + - 


1.25 + — = 28.125 
e 

e = 0.074 


Hence required emissivity of radiation shield on both sides should be 0.074. 


| |OI IWW i ■ ■ — — - 

,. loH on mm diameter tube at 77 K and flows steadily. The outer surface of the 
Q.43 Liquid W 2 enters a i - tube is p | aC ed concentrically in another tube of 50 mm inner 

tube has an is 0.05. The inner surface of the outer tube is maintained a. 

3 toTandte S s e paoe in beLeen the tubes is evacuated. Determine the heat gained by the liquid * 2 

per unit length of the tube. emissivity 0.02 on both sides is inserted midway concentrically 

be^weenTn ne^a^d outer tubes, ca.cu.ate the % change in heat gained in liquid A/ 2 per unit iength of 

the tube. [CSE ( Mains ) 2 014 : 20 Marks] 

Solution: 



20 50 

mm mm 


Radiation shield 


For inner tube (1): 
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d\ = 20 mm 

Since the tube is thin, its temperature will be equal to temperature of liquid N 2 . 

T, = 77 k, e t = 0.02 

For outer tube (2): 

d 2 = 50 mm, T 2 = 300 K, e 2 = 0.05 

Thermal network in this case will be, 


© 


h VA—•——•—WA—I 

Ri r 12 Rj * 


© 


Aiet ~ ^1 + fr|2 + ^2 


1— G-i 1 1 — ^2 

1 + — +-— 


e i A A^i12 e 2 A 

1 


i-°. o 2 +1+ n-° 05 i a 


'n L 
J " 

AL 


0.02 A 0.05 ; A 2 j 


1 ro.95^1 7i • 20 • L 

0.02 + V0.05J 7T• 50• lJ 


[Since F 12 = 1] 


_ —-57.6 m' 2 

“ A 


Heat transfer to AL tube (1) from tube (2) per unit length, 


Q 21 

L 


1 E h~ E A 
L 


W-T?) 


R 


net 


L- 


57.6 


5.67 x 10' 8 x (300 4 - 77 4 ) 


L 


57.6 


= 0.4988 watt ~ 0.5 watt 


7 r • 20 x 10' 3 x L 

If a radiation shield (3) is introduced midway between two tubes, for steady state condition, 

Q23 = ^31 


^2 ^t>3 




1-e 2 


1 + 


1 — 1 4 - €1 


+ /A 2 F 23 63 A3 £ 3 A3 A3A3I e, 

a(F 3 4 -A 4 ) 


1 

\ 

i a 2 

^1-03 ^ 

1 

' 1 

A? 

e 2 A 

, G3 / 

A 3 

. e 3 


L 1-e, 


A 


/j 


3 oo 4 -r 3 


T 3 4 - 77 4 


1 

r 1 | so 

A- 0.02 ^ 

1 

7C ■ 50 ■ L 

0.05 1 35 

0.02 1 

7t • 35 • L 


1 35 F1 -0.02'j 

+ 20\ 0.02 J 


0.02 


T 3 = 272.865 K 


Heat transfer to liquid N 2 in this case per unit length 

Qq 1 1 




5.67 x 10~ 8 (272.86 4 - 77 4 ) 


L L I 

“1 , A 3 


1 

1 , 35L 1-0.02)1 

A 3 

[s 3 A 

l G 1 J 

7t-0.035 

L0.02 20 ( 0.02 J 


^31 = 0.25298 = 0.253 watt 
L 
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% change in heat gained by liquid N 2 per unit length of tube 


0.5-0.253 

0.5 


x 100 = 49.4% 


.-. Heat transfer reduces by 49.4%. 

Q.44 A small sphere (of outside diameter = 60 mm) with a surface temperature of 300°C is located at the 
geometric centre of a large sphere (of inside diameter = 360 mm) with an inner surface temperature of 
15°C. Calculate how much of emission from the inner surface of large sphere is incident upon the 
outer surface of the small sphere. Assume that both bodies approach black body behaviour. What is 
the interchange of heat between the two spheres? 

[CSE (Mains) 2015 : 10 Marks] 

Solution: 

Large sphere (body 2) has inner surface 
Temperature T 2 = 15°C and body 1 - small sphere has surface 
Temperature 7, = 300°C. 

Given: D 1 = 60 mm, D 2 = 360 mm 

Since body 1 is a small sphere, view factor of body 1 with 
respect to itself = F u = 0 


Also, we know that, 


Fom reciprocity theorem, 


^11 + ^12 “ 
F 12 = 1 


a^f^ 2 - a 2 f 21 


F - ^ F = 

21 A 12 A~/r\ ;o\2 


_ 4n(P,/2) 2 
4n(D 2 /2) 2 



D 2 = 360 mm 


60 2 1 
= — = 0.028 


360 2 36 

F 0 1 + F™ = 1 => F PP = 0.972 


Also, we know that 

Fraction of heat emitted from inside surface of large sphere which falls an smaller sphere = F 21 = 0.028 
Since the two bodies approach black body behaviour, emissivity of both is unity. 

Net radiation exchange between the two spheres, 

''I '~12 


0, 2 = A r F, 2 -a(T, t -T ! 4 ) 


(Fu- 1 * 


= 4tu 


60x10 


-3 


m 2 -5.67x10" 8 (573 4 -288 4 ) 


0 12 = 64.716 W 

Q.45 A boiler furnace of 3 m height is made in the shape of a frustum of a cone with the bottom diameter 
5 m (d,) and top diameter 6 m (cf 2 ). The emissivity of both the surface is 0.9. The bottom surface is at 
1000 K and the top surface is at 500 K. Considering the inclined surface as refractory surface, find 
(i) the radiation heat transfer from the bottom to top surface and (ii) the inclined surface temperature. 
Radiation shape factor F 1 _ 2 = 0.4. 


[CSE (Mains) 2015 : 10 Marks] 



mnoE ERsy 

Solution: 

Given: Top surface (2): d 2 = 6 m. T 2 = 500 K, g 2 = 0.9 
Bottom surface (1): T } = 1000 K. cf, = 5 m, g , = 0.9 
Thermal network for this case can be drawn as — 
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[-- d, = 5 m 


From reciprocity theorem, 


A F - A F 
r 12 ~ “2 '21 


'21 — ^ '10 — _ j 2 1 


>A 2 ' 12 


2 ' 12 


F 21 = 0.28 


Al + ^12 + ^13 - 


13 

F 22 + f 23 + f 21 = 1 


For surface (1) 

=> 

For surface (2) 

=> 

Total thermal resistance of the network, 

^net = A + ^2 + 


F 13 = 1 - F 12 = 1 - 0.4 = 0.6 (F^ = 0, since (1) is a plain surface) 


A3 ~ ^ Ai - ^ 


(F 22 = 0, since (2) is plain surface) 
= R^ + R 2 + R t 


F?i 2 F 23 + F 13 




+ 


R-\2 A?3 ■*" ^ 


13 


1 

1 

A^12 


1 

1 

' 11 

AA 3 A^13 


1 


A A 2 + -| 


1 


71 • 5‘ 


1 


0.4 + 


A 2 F 53 An 3 
= 0.06529 m - 2 


1 - + 1 


n • 6 * TtS 2 

— •0.72 ”?-.o .6 


1- €i 1- e 2 


Aet= A + A + A" 6i a/g 2 A, 


+ 0.06529 


1 °- 9 + 1 °‘ 9 2 +0.06529 = 0,07488 m - 2 


0.9 


7C • 5" 


0.9 


rc-6‘ 


4 4 

Net heat transfer from the bottom to top surface is 

Efr - Ejj, 0(1/ -r 2 4 ) 5.67x IQ- 6 x (10QQ 4 - SQQ 4 ) 

^ 12 ^net ^net 

- 709.899 kW ~ 710 kW 


0.07488 
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From thermal network, we can see that 


E h -J 1 _cTl_-J 1 


Also, 


i/j = oTj ~ Q~\2 t - =52.683 
e i A 

- R, 


J 2 = q, 2 ■R 2 + E b2 = 9,2 ^ + or 2 = 6 333 kW 


Since surface (3) is reradiating surface, no heat is absorbed, 


Hence, 


J 3 J 3 - J 2 


J 1 F 23 A F 23 ~ A F 13 ^2 F 13 

+ J 2 R 13 


/ I C. I 

3= *13+*23 


*13 “ 


A*i3 ^ • 5 Z 


= 0.0849 rrr 2 


*23 ~ 


A*23 k • 6 f 


= 0.0491 rrr 2 


J 3 = 23.316 kW 


If temperature of reradiating surface is T 3 


J 3 = oT£ => T 3 = = 800.79 K 


Hence, temperature of reradiating surface is 800.79 K 



5. Heat Exchanger V 


' 'V'* 


■v; 


Q.46 In a double pipe counterflow heat exchanger, 10,000 kg/h of an oil, having a specific heat of 2095 J/kg K, 
is cooled from 80° C to 50°C by 8000 kg/h of water entering at 25°C. Determine the heat exchanger 
area for an overall heat transfer coefficient of 300 W/m 2 K. Take C p of water as 4180 J/kg K. 

[CSE (Mains), 2004 : 20 Marks] 

Solution: 


Oil 

|| Water m w = 8000 kg/h 




Ull /— 

m= 10000 kg/h —► A 

—- 

^-+T hn = 50°C 

V=80"C 

— 




If 


T CJ = 25°C 


Given: 


Overall heat transfer coefficient, U s — 300 W/m K 
Specific heat capacity of oil, C p 0 = 2095 J/kgK 
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Specific heat capacity of water. C = 4180J/kgK 
For steady state operation 

Heat lost by oil = Heat gained by water 
=3 m 0 Cp,o(^~h,i ~~^h,o) — ™wCp w (T qq -T c i ) 

=> 10,000 X 2095 X (30) = 8000 x 4180 x {T Go - 298) 

=* T co = 316.795 ~ 316.8 K = 43.8°C 

Log mean temperature difference, 


LMTD = - T \ AT * = (8Q~^ 3 - 8 ) (5Q .?jj = 30,26 K 

ln^ m 80 ---jM 
I L 50-25 J 


Heat transfer rate, Q = m C ( T -T .)= -x4180x18.8 = 174.63 kW 

’ ^ w^p, w' c, o c. /' 3600 

Also Q=UA S ( LMTD) 

Q _ 174.63x10 3 
s ~ U (LMTD) ~ 300x30.26 
A s = 19.236 m 2 

Required area for heat exchange is A s = 19.236 m 2 

Q.47 Illustrate, with neat sketches, the temperature profile for hot and cold fluids as a function of the distance 
along the path for 

(i) parallel flow heat exchangers, 

(ii) counter flow heat exchangers 

(iii) condenser and gas heated boiler 

[CSE (Mains), 2005 : 20x 3 = 60 Marks] 

Solution: 






Given: Diameter of inner tube = 20 mm, 

Overall heat transfer coefficient, U i = 500 W/m 2 K 
Heat transfer from oil = 3000 watt 


Log mean temperature difference, AT^ - 


AT) - AT 2 _ (160-80)-(140 

inf 160 "SO 


In 


A To 


140-20 


I 


=> AT^ = 98.65 K 

Assume length of heat exchanger is T m. 

Heat transfer rate, Q = UA S ■ A7; m 

3000 = 500 x 7C ■ 0.020 x Lx 98.65 
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Because of fouling outlet temperature of water reduces to 65°C 
For initial condition: 

Heat transfer rate, 0 = m w C pw (80 - 20) = m 0 C p0 (160-140) 

=* m vP P w' 60 = m p C po • 20 

For new condition: 


O = m w C pw (65 - 20) = m 0 C p0 ( 160 - 7J 0 ) 

Dividing (ii) by (i) 

160 - 7 ,% = 45 
20 60 

=> V co = 145°C 


Old heat transfer rate, Q = m w C pv JQ0 - 20) = 3000 Watt 
m w C^ = 50 W att/K 

New heat transfer rate = <7 = m w C pw (65 - 20) = 50 x 45 
<7 = 2250 Watt 

New heat transfer rate = <7 = UA S • A7J' 


Assume fouling factor is R f . 


2250 = L/'-fn-0.02x0.97). 


U' = 337.72 Watt/m 2 K 


1 + Rfi 


(160-65)-(145-20) 


In 


160-65 

145-20 


U'A, ~ UA i A, 

1 . . 1 

R n~ //'( \i~ 


1 


1 


U U 337.72 500 
Fouling factor = 9.61 x ^0~ 4 k-mWatt 


... 0 ) 

•••(ii) 


Q.49 An oil is cooled to 100°C in a parallel flow heat exchanger by transferring its heat to cooling water, that 
leaves the exchanger at 30° C. However, it is now required that the oil must be cooled down to 75°C by 
increasing the length of heat exchanger, while oil and water flow rates, their inlet temperatures and 
other dimensions of the exchanger keeping constant. The inlet temperatures of water and oil are 15°C 
and 150°C respectively. 

If the original cooler was 1 metre long, determine 

(i) outlet temperature of water in the new cooler and 

(ii) length of the new cooler. 

[CSE (Mains), 2009 : 30 Marks] 

Solution: 

Consider the parallel flow heat exchanger as showing in figure. 



1 oil m 0 

T h .,= 150° 




water m w —•- f 



c — 

Tc.r'VC 



T h .o 

= 100 *c 
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Let m w and rh 0 are the mass flow rates of water and oil respectively. 

ssume area of heat exchanger is A s and overall heat transfer coefficient is U. 
Total heat transferred tow after from oil 
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— Q — m w C P: w • ( Tq 0 Tqj ) 
= w -15 


AT| - AT 2 (150-15)- (100 - 30) _ 

-AT = 7 _ x — rTT^ J r- T 


■••(i) 


In 


f A71 l 

In 

'150-151 

k A7 2, 


100-30J 


98.968 K 


Q= UA s AT, n 


We know, heat transfer, 

From (,) and (ii) = m a C K x 50 = m w C p „ ■ 15 = U ■ kDL ■ A7J r 

=> m oC po x 50 ISxrn^C^ 

Un-D “ (J-n-D 

Now length of cooler is to be increased to ensure 

\ o = 75° 

New LMTD, AT,' M = —} ~ A7 2 _ 050-15) -(75-T Go ) 


^ = 98.968x1 = 6.598x15 


In 


^ A^ A 
V A7 2y 


In 


150-1 5 
75-T 


Go 


Ar - 60 

a/ /jw - —-- 


In 


135 


75-T 


Assume new length as V 
Heat transfer, 

Heat transfer, 

From (iv) and (v) 


c, o 


Q= UA^&T[ M =unAI'- f° T °-° 

135 


In 


75-T 


C, 0 


0 = m » C p. ^ ( r cp - 1 5) = m 0 C p 0 (150 - 75) 
Q= m »Cp»/F ao -15) = m c ,C po .75 


O = m p C po ■ 75 = t mDl-■ — 6 ° ^ 


In 


135 


75-T 


c.o 


^o^po 

UnD 


r 60 -r Ci0 

75' 


/ 135 A 


In 


Dividing (v) by (i), we get 
=> 

From (iv) and (vi) we get 


75-T, 


c, o 


r Cj0 = 37.5°C 


15x6.598 /' 60-37.5 

50 75 , ( 135 


In 


V = 1.95 m 


75-37.5 


■••(ii) 

-(iii) 


•■•(iv) 


...(v) 


•(vi) 


Length of new cooler is /' = 1.95 m 
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q. 50 Water enters a tube of dia D and length L. Inlet and outlet temperature are T, and T 2 respectively and 
wall temperature is T 0 . Convective heat transfer is h. 

(i) Derive the following expression for heat transfer: 


Q _ hnDL(T,-T 2 ) 

( T T \ 


(ii) What is the significance of the logarithmic term in part (i) above? 

(iii) State assumptions used in part (/). 

[CSE (Mains) 2011: 20 Marks] 


Solution: 


Consider the tube through which water is flowing, walls of 
the tube are maintained at temperature T 0 . Heat transfer 
between water flowing and wall takes place by convection. 

Consider a differential element of area dA s where heat transfer 
to tube wall takes place. 

Heat transferred to tube = d q = hdA s (T- T 0 ) 



where, fis the temperature of that section of fluid. Assume this heat transfer changes the temperature of fluid 
by dT. 


Heat transfer = mC p dT (where C p specific heat capacity of fluid) ...(ii) 

From (i) and (ii), we get 

mCpdT = hdA s (T- T 0 ) 

Since, T 0 is constant: dT= d{T- T 0 ) 

d(T-T 0 ) _ hdA s 
(T-T 0 ) mC p 

Integrating both sides with proper limits, 


? 


d(T-T 0 ) 

T~T 0 



In 


Wo 

(Wo) 


mC r 


( 7 iDL) 


...(iii) 


Total heat transfer from fluid to wall is equal to change in internal energy of fluid, 

Q=mC p {T 2 -T\) 

Replacing ( mC p ) in the expression (3) above and rearranging, we get 

o= w-ML 

in) Temperature difference between the wall and fluid changes from (I, - T 0 ) to ( T 2 - T 0 ). Average difference 
will be + a T 2 


2 
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However if we use logarithmic term as obtained above it truly reflects the exponential decrease in 
temperature of local temperature of the fluid. 



{Hi) Assumption used in part above are: 
fa) Steady state has been achieved. 

(b) Convective heat transfer coefficient and specific heat capacity of fluid remain constant. 

(c) Radiation effects are neglected. 

(d) Heat transfer from outside of tube can be neglected. 

Q.51 A tubular gas heater heats air flowing at the rate of 5.5 kg/s from 20°C to 75°C using saturated steam 
condensing at 1.3 bar (saturation temperature, f 8al = 107°C). It is proposed to double the flow rate of 
air to heat the same for the same rise in temperature in the same gas heater. One way of doing this is 
to increase the condensing pressure of saturated steam. What should be the pressure needed if the 
overall heat transfer coefficient remains the same for both the operating conditions? Specific heat of 
air = 1.005 kJ/kg-K. 

For steam, the following pressure and the corresponding saturation temperature are known: 


p (bar) 

2 

3 

4 

5 

6 

7 

8 

9 


120.2 

133.5 

143.6 

151.8 

158.8 

165.0 

170.4 

175.4 


Solution: 

Given: m = 5.5 kg/sec, = 20°C, 
Case I: when rin = 5.5 kg/sec, 

Oi- 


Case II: when m = 5.5 x 2, 

Q 2 = 

Since C p & AT remains same and Since h & A remains same. 

02=2x0! 


[CSE (Mains) 2012:20 Marks] 



m 2 C p AT = h(A AT m ) 2 = 5.5 x 2 C p AT 
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109.98105 = (ATJ 2 
Assuming condensing temperature of steam as T 

(T — 20)—(7" —75) 


109.98105 = 


55 


In 


7 - 20 

T -75 


In 

55 


^7-20 

7-75 


In 


7-20 

7-75 


109.981 
(7-20)= 1.6488 (T-75) 

7= 159.763°C 

Now applying interpolation to find out the pressure = P 

159.763-158.8 _ P-6 
165-158.8 " 7-6 

P= 6.17 bar 

Q.52 In a balanced counterflow heat exchanger, where m c C pc = m n C ph , show that: 

(i) A7 1 = AT 2 = A7at any section; 

(ii) the temperature profiles of two fluids are parallel and linear. 


[CSE (Mains) 2013 : 20 Marks] 


Solution: 

Consider the heat exchanger (counter flow) and associated 
temperature profile as shown in Figure. 

m c Cp.c ~ Cp,h 

Consider a section at a distance x from inlet of thickness dx. 
Rate of heat given out by hot fluid in this section 

= d qh = m h C ph d Th = udA x (T h - T c ) 

Rate of heat transferred to cold fluid 



7,, h ot 



- dq c - m c C p c dT c 

At steady state, 

Heat transferred from heat fluid = Heat transferred to cold fluid 

=> = dq C 

=> diqCph • dT h = m c C pc dT c 

=> dT h =dT c 

=* AT h = AT c 

—/ ~^h l i o — 7 C|0 fC t i 

—^ T cp — Tp 0 Tqj 

=> AT, = A7 2 

Comparing variation of temp along the length of tube we have dqh - dq C 

^ dihCp/i' dTh = m c C pc dT c 

=* dT h = dT c 

Tf i ,/ - T h 0 _ T c o - T c i 


-dx 



L L 

Slope of temp-length graph is same for both hot and cold streams along the length of heat exchanger 






102 * 


Civil Services Mains 


Mechanical Engineering • Paper- 


"PieVOMi. 
Solved Papers 


Q.53 In a double-pipe heat exchanger, m h C p h = 0.5 m c C pc ■ The inlet temperature of h are T hj 

and T ct . Determine an expression, in terms of T hl , T and 

exchanger to that of parallel-flow heat exchanger, which will given same e 

V Also find out the ratio, if T hJ = 150 °C, 7 C ,= 30 “C and T, 0 = 90 -C. ^ . 25 ^ 


T h0 . Also find out the ratio, if T hl = 150 °C, T cl =30 °C and T ho = 90 °C 


Solution: 



T h 

C,t 



Counter-Flow Parallel 

Given: T hi = 150°C, T ci = 30°C and T h0 = 90°C. 

Also ririfrCp h =0.5rh c C p c for both heat exchangers. 

Heat transferred between the two fluids, q= m h C ph (T hj - T h0 ) = m^ C pc (T co - T ci ) 

=> ho = T ci + 0.5 (7 rt f + 2 T h Q ) 

Heat transfer for both heat exchanger is same. 

Hence, Q _ L/Acq^ • coun j er = LWparallel parallel 

Assuming same heat transfer overall coefficient for both heat exchangers, we get 

r AT, - AT 2 ' 

A;ounter _ ^hm, parallel _ \JnAT-| ! /parallel 
parallel ^hm, counter ( A T-f - AT 2 

llnAT./A 7 2 J counter 


(hi “ T c j)~ (T h0 - T co ) 


(T -T 

|pi h <' C.o 

Jto ~h,i 


Since, 


f T -T 

In 1^-IsL 

k h,o ho 


ho=hi +05 hrho 


(h,i ho) (h,o hi) 


(hrhi)-(ho-(hA°- 5 )(hrho) 

= h i ~ho + 05 ( h i - h o) 

= '-5(hrho) 

^o,(T hr T co )-(T ho -T ci ) 

[ h i ~ h i - 0-5 ( h i ~ 7/7, (?)] “( h o - h f) 

^(hi-ho) 


parallel 


f r -T 

h,i ' c, o 

3 In 

\<-[ 

<-0 5(7,,-r, o )'j 

h, O ~ h i 

— r 

- 

h o ~ h. i 


’h, i ' c, i 
h, o~ho 


_ hi-h, _ 

ho -(hi + 0.5(T h -T h Q ) 


This is the required expression for ratio of area of heat exchanger. 
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Aounter 

^parallel 


A: 


ounter 


A>arallel 

Acounter 


A, 


arallel 


3 In 


0-5 (T hJ -T h ' 0 )-T CJ 

'h, o ~ T c , i 


In 


Th, i T c , j 


T -5r hi o-T c , i-0.5T hJ ) 


3ln 


(0.5)(150+ 90)-30 
90-30 


In 


150-30 


V 


1.5x90-30-0.5x150 
= 0.8775 


= 3x 


ln(1.5) 

In4 


Q.5 he vapour, at the saturation temperature of an oil flowing at the rate of 500 kg/min, enters a heat 
exchanger tube, at 355 K and condenses while it is cooled by water flowing at the rate of 3600 kg/min 
entering the concentric tube of a parallel flow heat exchanger at 286 K. Assuming overall heat transfer 
coefficient of 475 W/m 2 K, latent heat of oil as 600 kj/kg K, calculate the number of tubes required of 
25 mm outer diameter and 2 mm thick with a length of 4.87 m. What will be the number of tube passes, 
if cooling water velocity should not exceed 2 m/s? Take C _ for water as 4.18 kJ/kg K and density of 
water as 1000 kg/m 3 . 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 


m 0 = 500 kg/min. Oil 
T hi = 355 K -► 


m w = 3600 kg/min 
T C j - 286 K 


Oil 




Water 


Given: Length of each tube = 4.87 m, d 0 = 25 mm, t = 2 mm, d.= 25 - 2 x 2 = 21 mm 

h fg for oil = 600 kJ/kg K, U= 475 W/m 2 K 

Maximum possible heat transfer takes place when water achieve temperature of oil. 


Actual heat transfer rate, Q = 

Effectiveness of heat exchanger, e = 

We know, for a parallel flow heat exchanger, for a condenser, 

g = 1 - exp (-NTU) 

=> NTU = 0.341 

NTU = U TiDjL x n 

Qnin m w C pw 


m wCp(Th,i To,,) = x4.18x(355-286) = 17305.2 kW 

m 0 h, = x 600 = 5000 kW 
9 60 

Q 

-— = 0.2889 

^max 


Also 
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Internal area of the tubes, A = ^ 7 - = 3.464 x 10 m 

4 

Maximum allowable velocity - 2 m/s 
Max flow rate per tube, p Av = 0.6927 kg/s 
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3600x4.18x10^ 


n= 0 - 341x 60l475TiT0^2^ 87 


= 560.39 


561 tubes of aiven dimensions 


Number of tubes required 


3600 _ gg gi ~ 87 tubes 

60x0 6927 


Assume each tube requires ri passes. 

Total length of tubes required for required heat transfer = 561 x 4.87 = 2732.07 m 
/. For 87 tubes with n passes each, total length of heat exchange surface required will 

= 87 x n x 4.87 = 2732.07 m 

=> n = 6.45 passes - 7 passes 

87 tubes of 7 passes each or 609 tube passes are required to limit maximum velocity to 2 m/s. 

Q.55 Steam at atmospheric pressure enters the shell of a surface condenser, in which water flows through 
a tube bundle, at the rate of 0.05 kg/s. The inner diameter of the tube is 25 mm. The overall heat 
transfer coefficient ((/.) based on the inner diameter is 230 W/m 2 C. The inlet and outlet temperatures 
of water are 15 °C and 70 °C, respectively. The condensation of steam takes place on the outside 
surface of the tubes. 

Calculate the following: 

(i) The effectiveness of the heat exchanger and the NTU. 

(ii) Length of each tube. 

(iii) The rate of steam condensation. 

Assume c of water = 4.18 kJ/kg °C; h fg = 2257 kJ/kg °C (latent heat of condensation) 

P " [CSE (Mains) 2015 : 10 Marks] 


Solution: 


Given: U t = 230 W/m 2 °C ; d = 25 mm 

For condensation of steam, change of temperature 

is zero. 

= 0 

Heat capacity for steam is infinite or C h -»°° 

,^ min - = C ->0 


Steam @1 atm 

,1 


Water 
= 0 05 kg/s 
7 = 15°C 


3— 


i 


Condensate 


Maximum heat transfer in this case will be, 

Qmax = ^w C p(^h 1 -T Cl ) 

= 0.05 kJ/s X 4.18 kJ/kg °C (100 - 15) 

_ Q = 17.765 kJ/s= 17.765 kW 

Actual heat transfer rate, Q = ^ w c p {T c0 -T ci ) = 0.05 x 4.18 x (70- 15) = 11.495 kW 

(i) Effectiveness of heat exchanger, 

e = ^ = 11A95 =0 .647 


Qn 


17.765 
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For a condenser heat exchanger, we know, 

e = 1 - exp (-NTU) 

=> -NTU = ln( 1 - e) => NTU = -ln( 1 - e) 

= -ln(1 -0.647) 

NTU = 1.041 

(ii) We know, NTU _ L^s _ U ndL 

Onin rh w Cp 

=» L= 1.041x0,05x4,18x10 3 

7tx0.025x230 

Length of tube, L = 12.044 m 

(iii) Rate of steam condensation = ? act ua' = 13 495 = 5 09 x 10“ 3 kg/s 

hf 2257 
g 

Q.56 Define effectiveness, NTU and heat capacity ratio in case of heat exchanger analysis, and also establish 
a relationship among them for counterflow heat exchanger. 

[CSE (Mains) 2016 : 10 Marks] 

Solution: 

Effectiveness: It is defined as the ratio between actual heat transfer rate taking place between hot and cooled 
fluids and the maximum possible heat transfer rate that can occur between them. 


where, 


^actual 


^maximum possible 

^act = The rate of enthalpy charge of either fluids 

'^maximum possible ~ (mC p ) 

small (Tn-Tc) 


Case I: If m h C ph <m c C pc , 


'pc > 


^h^phi^hi 7~fte) _ Jhj_ — 7~p e 
™hCph (7~hi ~ T ci ) Tft — T cj 


Case II: If m c C Pc < 777 ^ 


^c^-'pcO'ce T c j) T rp - T f 


_ *ce 


'Ph 


WcCpciThi T C j) Tfrj T C j 


Number of Transfer Units (NTU): It is defined as the ratio between product of UA and the smaller capacity rate 
between hot and cold fluids. 


or 


NTU = 


UA 

(/77Cp) sma || 


NTU being directly proportional to the area of heat exchanger it indicaes the overall size of heat exchanger 
Heat capacity ratio: It is defined as the ratio between the heat capcity of the two fluid flowing in heat exchanger 
The numerator value is occupied by fluid having lower heat capacity whereas the denominator is by the fluid 
having higher value of heat capacity. 


C = 


(r77Cp) sma n 

(/77Cp)sig 


0<c<1 


1_ e -(1-C) N TU 

For the counterflow heat exchanger, e x . 6 = 1 _ ce -(i- C ) NTU 
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057 In a large steam power plant, a shell and tube type condenser is us 
Heat exchange data = 2100 MW Number of shell passes = 1 

Number of tubes = 31500 Number of tube passes = 2 

Diameter of each tube = 25 mm 
Condensation temperature = 50°C 


Solved Papers 


used which has the following data: 


Mass flow rate of cooling water = 3.4 x 10 4 kg/s 

Heat transfer coefficient on the steam side = 11400 W/m 2 K 

Inlet water temperature = 20°C 

Heat transfer coefficient on the water side = 8018 W/m 2 K 

Using only e-NTU method, calculate: 

(i) the outlet temperature of cooling water; 

(ii) the length of tube pass. 

[Properties of water at 27°C are: 

C p = 4.18 kj/kg K ,\l = 855 x 10 -6 N s/m 2 , k = 0.613 W/mK and Pr = 5.83] 
Neglect the thermal resistance due to tube wall. 


Solution: 


[CSE (Mains) 2016 : 20 Marks] 


Given: O - 2100 mco, No. of shell passes = 1, No. of tubes ( n ) = 31500, No. of tube passes, 

^=2, = 3.4 x 10 4 Kg/s, Diameter of each tube = 25 mm, Condensation temperature = 50°C, 

^steam = 114 °0 w/m 2 K 

^inlet, water = 20°C, h^ er = 8018 w/m 2 K 


Now, 


u 


1 


1 


'steam 


water 


11400 8018 


U = 4707.24 W/m 2 K 


(i) By the use of the energy balance, the heat lost by the steam is the heat gained by water. 
So, 2100 x 10 6 = 3.4 x 10 4 x 4180 x (T ce - 20) 

r ce = 34.77°C 


(ii) The effectiveness of heat exchanger 


Tce-T c / , 34-77-20 
Thi ~ T ci 50 - 20 


0.4923 


Since the heat capacity of the condensing steam is infinite. 

Also we know that effectiveness in the case of steam condensor, 

e = 1-6r NTU 

0.4923 = 1 - e- NTU => NTU = 0.6778 


Also 


So, 


UA 

NTU = (mC p ) small 

(mC p ) small = 3.4 x 10 4 x 4180 = 14212 x 10 4 

Area = No. of tubes x tube passes xnxDx length 
= 31500 x 2 x 7i x 0.025 L = 4948.008 L m 


0.6778 = 


4707.24 X4948.008L 


14212x10 4 
L = 4.135 m 
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Basics of I.C. Engines and Air Standard Cycles 


Q.1 A three litre V 6 S.l. engine operates on a four stroke cycle at 3600 rpm. The compression ratio is 9.5, 

the length of the connecting rod is 16.6 cm and the engine is square (bore = stroke). At this speed, the 
combustion ends at 20° TDC. Calculate: 

(i) cylinder bore and stroke length (ii) average piston speed 

(m) clearance volume of one cylinder (iv) piston speed at the end of combustion 

(v) distance the piston has travelled from TDC at the end of combustion. 

(vi) volume in the combustion chamber at the end of combustion. 


[CSE (Mains) 2001 : 30 Marks] 


Solution: 


Given: Swept volume V s = 3x 10 3 m 3 , No. of cylinders, k = 6, Speed, N = 3600 rpm, 
compression ratio, r- 9.5, 

4-stroke (S.l Engine), Length of connecting rod = L cr = 16.6 cm = 0.166 m, Stroke, (L) = Bore (D) 


Cylinder vol. at crank angle, 0 


In non-dimensionless term, 


where, 


where, 


S- r cr cos 6 + yjl^ r - r 2 sin 2 0 


W)= V' c +-D 2 xa cf +r Cf -s) 

V f0 2 x(4 r +r cr -s) 
TT = 1 + 4 -r-- 


i/ - a D 2 xL 
V = —— = -- 

c (r-U (r -D 
— = ^+ (<Lcr+^cr ~ S K ^r- 


L = 2r 



iH \ 

° r 


^- = 1 +^—-x ^-+i-cose- 


- sin 2 e 


total swept volume (V s ) 
swept volume per cycle = 0 | C y|j nc j ers 


s oef cyt 


V s _ 3x10 -3 3 n 


rrr =-D 2 xL 
4 


3x10' 

6 


(••• d= L ) 
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D = L = 0.086 = 8.6 cm; crank radius = r c 


r = - = 4.3 cm 

CC 2 


Average piston speed, V p = 2xLxN = 10.32 m/sec 


r c = 9-5 = 


V a + V c 


per cylinder ^9 Cm 

1/ ... = V ... x 6 = 354 cm G 

c, total c, per cylinder 


ds 

V = — 
p dt 


= -sin0 1 + 
V P 4 


cose 


-sin 2 e 


Distance from TDC 


V p = 0.668 V p = 6.89 m/sec 

s= r cr cose + yjl3 cr -r c 2 sin 2 6 = 0.206 m 
x = L cr + r cr - s = 0.003 m = 0.3 cm 

y_ ^ \, [75 - 

V = 1+ o^ r_1 ) x —+ 1 -c°se- -|L-sin 2 e 
2 r " \ £ 


Solved Pap er j 


^ V = 77.9 cm 3 = 0.0000799 m 3 

Q ' 2 ™ f b « rake ! herm ®' eff ! ciency of a diesel en 9' ne is 30 %• If the air to fuel ratio by weight is 20 and the 

ori ic value of fuel is 41800 kJ/kg, find brake mean effective pressure at S.T.P. (15°C and 760 mm 

OT rig). 

[CSE (Mains) 2003 : 20 Marks] 

Solution: 


Given: Brake thermal efficiency, t\ bt = 0.3, Air-fuel ratio, AFR = Uh. _ 20 

m f 

Calorific value of fuel, ( CV) f = 41800 kJ/kg, STP: temperature, 7’ 1 = 15°C = 288 K 


Pressure, 


Ideal gas equation; 


p i = 760 mm Hg = 13600 x 9.81 x -Z®2_ Pa 

1000 

P, = 101.396 kPa 
= Pa^i 

R 1 m a m a 

= 1226 =1.226 V a 

Brake Power (BP) 

71 bt= Rate of Heat Added (Q s ) 

Q s = rhf{CV) f = -^^x(CV) f = —1 1x41800 = 2562.34 V a 


BP = Q s x ri 0r - 768.702 V a 
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(ii) Let brake mean effective pressure be bmep 

BP = bmep x V s 

Assume 100% volumetric efficiency, 

^ v s = v a 

^ 768.702 V a = bmep x V a 

!? bmep = 768.702 kPa = 7.69 bar 

Thus, brake mean effective pressure = 7.69 bar 

havinn f J 0 ^ cy '' nder ^-stroke oil engine is measured by means of a 4.5 cm diameter orifice, 

9 c - 0.65. During a test the following data was recorded: 

S * r ° ke = 15 Cm> Engine s P 0ed = 1000 RPM - Rrake torque =135 Nm, Fuel consumption 

Dressure am qnn I? el kj/kg, Head across orifice = 6 cm of water, Ambient temperature and 

pressure are 300 K and 1.0 bar respectively. Calculate: 

(0 Brake thermal efficiency (ii) The brake mean effective pressure 

(in) The volumetric efficiency Take R = 287 J/kg K for air. 

[CSE (Mains) 2004 : 30 Marks] 

Solution: 

Given: 4 cylinder, 4 stoke engine. No. of cylinders, k = 4. Orifice Diameter, d = 4.5 cm = 0.045 m. 

Area o, orifice, A . V -1 ,59x W, Coefficient of discharge - C d . 0.65. Cylinder bore. 

D = 10 cm = 0.1 m, 

Stroke, L = 15 cm = 0.15 m,Engine speed, N= 1000 rpm 

Swept volume, V = -D ? Lx-^i = 0.03927 m 3 /s 
4 2 x 60 


Brake Torque, x b = 135 Nm 


w = 


2kN 

60 


= 104.72 rad/s 


Mass flow rate of fuel, m, = 5 kg/hr = 0.001388 kg/s 

Calorific value of fuel, (CV), = 42600 kj/kg 
(i) Brake thermal efficiency (rj er ) 


Brake Power f BP ) 
T[bt ~ Rate of Heat Addition (iHA/sec J 

Brake Power = BP = r fi xw= 14.137 kW 
Rate of Heat Addition = HA/sec = rh f xCV f = 59.167 kW 

=> n BT = 0.23893 = 23.893% 

(ii) Brake Mean Effective Pressure (bmep) 

V s xbmep = BP 


BP 

bmep = - 359.99 kPa = 3 599 bar 


(m) 


Volumetric Efficiency, x\ = 


Actual Volume (V a ) 
Swept Volume (V s ) 
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Applying Bernoulli's equation between inlet and outlet of orifice (Assuming Air-flow to be incompressible) 


p i 7 P, C\ 
Pa9 2 g p a g 2 g 

Let air velocity at inlet of orifice, C, = 0 
Assume constant datum heat => Z 1 = Z 2 


C 2~ \ 2 


Pi -Po 


Initial conditions: Inlet pressure, P 1 = 1 bar = 100 kPa 

Inlet temperature, T 1 = 300 K 


P, = p a flT, => p a = A = i.i6kg/m ! 


Head across orifice, 

Head in terms of water column = h = 6 cm 


Head in terms of air column = h = = 6 ^° 0Q = 5172.413 cm 

3 Pa 1-16 


h a = 51.724 m 


Pl-Po 


= h a = 51.724 


C 2 = yj2g h a =31.856 m/s 

Air flow rate through orifice = m a =c d xp a xAxC 2 = 0.0382 kg/s 

Actual volume V a = — = 0.0329 m 3 /s 
a Pa 

\/ 

Tlvo, = -r = 0.8386 = 83.86% 

Q.4 A six-cylinder, 4-stroke petrol engine has a swept volume of 3 litres with a compression ratio of 9 5 
Brake output torque is 205 N-m at 3600 r.p.m. Air enters at 85 M/m* and 60°C. The mechanical efficiency 

of the engine is 85% and air-fuel ratio is 15 : 1. The heating value of fuel is 44 000 kj/ko and the 
combustion efficiency is 97%. Calculate: ’ y 

(i) Rate of fuel flow (ii) Brake thermal efficiency 

(iii) Indicated thermal efficiency (iv) Volumetric efficiency 
(v) Brake specific fuel consumption 

[CSE (Mains) 2005 : 30 Marks] 

Solution: 

Given: No. of cylinders, k = 6, 4-stroke, petrol engine, Swept volume, V s = 3 x 10~ 3 m 3 Rate of volume 

swept, V s = = 0.09 m 3 /s, Compression ratio, r= 9.5, Brake output torque, T b = 205 N-m 

Speed, N= 3600 rpm, Ambient pressure, P 1 = 85 kN/m 2 

Ambient temperature, 7 1 = 60 + 273 = = 343 K 
Mechanical efficiency, t| m = 85% 

Air fuel ratio, AFR = 15:1 
Calorific value of fuel, CV = 44,000 kJ/kg 
Combustion efficiency, Ti comb = 97% = 0.97 
Ideal Gas Equation, = RT } 
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RT 

v, = —i = 1.124 m 3 /kg 

n 

V 2 = y = 0.1183 m 3 /kg 

Swept volume/kg mass flow rate, v s = v^- v 2 = -\ .006 m 3 /kg 

V. 


For air flow, 

(i) AFR = 15: 1 
=> 

(ii) 


m f 

Brake thermal efficiency = r| bth 


m a = -s- = 0.089 kg/s = 322.064 kg/hr 

^ c 


rh a . rh 

- = 15=>m f =^- = 21.471 kg/hr 


7 lbth = 


BP. 


(rh f x CV) xri comb 
2 kN 


BP = T.xco= T b x- 


(iii) 


Indicated thermal efficiency = r| ith 


60 


BP. = 77.283 kW = 30.36% 


T lith = 


IP. 


(m f xCV)xr\ comb 


(iv) 


BP In BP 

^mech = ~Jp~ => ‘P = -= 90-921 kW 

' ^lmech 

r| ith = 35.718% 


volumetric efficiency = r) vo| = 


• RT 

V a = m a —1 = 0.103 m 3 /s 
Pi 

\4 = 0.09 m 3 /s 


Tl vol = 114.53% 


Koi> 100% implies that it is a supercharged engine) 

(v) Brake specific fuel consumption (bsfc) 


= ^ = 0.278 kg/KWhr 

Dr 

Two identical petrol engines having the following specifications are used in vehicles- 
Engine 1: Swept volume = 3300 cc, Normally aspirated, bmep = 9.3 bar, rpm = 4500, Compression 
ratio = 8.2, Efficiency ratio = 0.5, Mechanical efficiency = 0.9, Mass of the engine = 200 kg 
Engine 2: Super charged, Swept volume = 3300 cc, bmep = 12.0 bar, rpm = 4500 
Compression ratio = 5.5, Efficiency ratio = 0.5, Mechanical efficiency = 0.92, Engine mass = 220 ka’ 
If both the engines are supplied with just adequate quantity of petrol for the test run, determine the 
duration of test run so that the specific mass per kW of brake power is same for both the enaines 
Calorific value of petrol = 44000 kJ/kg. 

Assume both the engines operate on four stroke cycle. 

Also compare two engines and suggest their applications with reasoning. 

[CSE (Mains) 2010 : 20 Marks] 
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Engine-1: 


As, 
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r - 

Solved Pape^ 


Swept Volume, V s = 3300 x 10- 6 m 3 

w _ j4 _ 3300 x 10 x 4500 _ q ^ 2375 m 3 /sec 

s 2x60 2x60 


BMEP = 9.3 bar 

V s = 9.3 x 10 2 x 0.12375 kW = 0.12375 m 3 /sec 


T\ 


{BP), = (BMEP) x V s 

-1--U1- 


air - std 


■Y-1 


( 8 . 2) 1 


> 0.4 


= 0.569 


Efficiency ratio, Ti ratio 
faith)/ 


_nith 


^lair-std 

= 0.5 x 0.569 = 0.284 
B-Ph} m 


fo ) - _ LL -__ 

lth/ m F xCV rh F xC-V 


If 


, . , 115.0875/0.9 

(m F )j = ——-= 36.84 kg/hr 

1 0.284x44000 

t e test duration is t hours, then specific mass per kW of brake power is 


' — 11 iuoo ptsi r\v v uiar\c puvvci io 

Specific mass = (m F ), + (m egine ), = (36.841 + 200) kg 


Engine II: 


From (i) and (ii) 


specific mass ■ 36 . 84f + 2 oo 
kWof(BP) / “ 115.0875 

Swept Volume, V s = 3300 cc 
N = 4500 rpm 

l/ s = 0.12375 m 3 /sec 
BMEP = 12 bar 

(B • P) /7 = 12 x 102 x 0.12375 = 148.5 kW 
^f = 16141kW 

’lair-sid = 1_ ^p = 49 ' 43% 

(Ti ith ) // = 0.493x0.5 = 0.2471 

x (/ • P) n 161.41 

faj//- m F xCV “ 0.2471x44000" 53 44 kQ/hr 

specific mass 53.44f + 220 

kWof(B-P)7j “ 148.5 

36.84f+ 200 53.44f+ 220 

115.0875 " 148.5 

47.5236t + 258 = 53.441 + 220 
t = 6.42 h 




...(ii) 


Application Criteria: 

Engine-1: Naturally aspirated engine with more ri bth with less power should be used in passenger automobile 
for economical purposes, as less power is demanded. 

Engine-ll: Supercharged engine with less r| bth but with high power (B.P.) is recommended for high: speed 
application automobile for higher speed and torque. 
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2. Combustion in S.l. and C.l. Engines 


q.6 Explain the following: 

(i) Rich mixture is used during idling. 

(ii) As the engine speed increases, the ignition timing should be advanced. 

(iii) S.l. engines are generally not supercharged. 

(iv) Two stroke C.l. engines find wide applications in marine propulsion. 

[CSE (Mains) 2001 : 30 Marks] 

Solution: 

(i) Rich mixture used during idling: During idling, engine runs without load and produces power only to 
overcome friction between parts. Rich mixture is required in this case to sustain combustion. During 
idling, pressure in the intake manifold is about 20 to 25 percent of atmospheric pressure. At suction 
stroke, inlet valve opens and the products of combustion trapped in the clearance volume, expands in 
the inlet manifold. Later when piston moves downwards, the gases along with the fresh charges go into 
the cylinder. A very rich mixture must be supplied during idling to counteract the tendency of dilution and 
get an combustible mixture. 



(ii) Ignition timing should be advanced with increase in engine speed: ignition timing needs to be 

increasingly advanced (relative to top dead centre, TDC) as ihe eng.ne speed increases because of the 
following reasons: 

1. To ensure that the air fuel mixture has the correct amount of time to burn completely As the engine 
speed increases, the time available to burn the mixture decreases but the burning itself proceeds at 
the same speed, so it needs to be started increasingly earlier to complete in time. 

2. The correct timing advance for a given engine speed will aHow for maximum cy'inder pressure to be 
achieved at correct crankshaft angular position 

3. Poor volumetric efficiency at high engine speed also requires 'nc r eased advancement of ignition 
timing. 

(Hi) SI engines are generally not supercharged: Supercharging is forced induction in Much the density of 
air charge is raised before it enters the cylinder, thus inducting the increased mass of a.r and then 
compressing it in each cylinder. The increased mass of the inducted charge into the cylmoer ra.ses Doth 
the temperature and density of the charge at the time of ignition. Moreover the supercharging increases 
the temperature and pressure of the inducted air As a result, the temperature of the unburnt mixture in the 
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cylinder might exceed the self-ignition temperature of the fuel and might remain at or above this temperature 
during the period of pre-flame reactions resulting in auto-ignition .collision of flame fronts and knocking 
Knocking may cause loss of engine power, damage to engine components and structure and might lead 
to complete engine failure. 

(iv) Two stroke engines find wide applications in marine propulsion because of the following reasons: 

1. A two stroke engine provides a working stroke in every revolution. Hence a more uniform turning 
moment is obtained on the crankshaft. Therefore the mass of the flywheel used is lesser. 

2. For the same power output, less space is occupied by a two stroke engine. 

Q.7 A 4-stroke petrol engine of 2 litres capacity is to develop maximum power at 4000 rpm. The volumetric 
efficiency at this speed is 0.75 and the air-fuel ratio is 14:1. The venturi throat diameter is 28 mm. The 
coefficient of discharge of venturi is 0.85 and that for fuel jet is 0.65. Calculate: 

(i) the air velocity at the throat and (ii) the diameter of the fuel jet. 

The specific gravity of petrol is 0.76. Atmospheric pressure and temperature are 1 bar and 17°C 
respectively. 

[CSE (Mains) 2002 : 40 Marks] 

Solution: 

Given: 4 stroke, petrol engine, Swept volume =V S = 21 = 0.002 m 3 , Speed, N = 4000 rpm 

Rate of volume swept, V s = \/ s = 0.0667 m 3 /s , Volumetric efficiency, T| vo| = 0.75 

Actual volume 
Swept volume = 0,75 


- 0.75 => V a = 0.75x V s 
V a = 0.05 m 3 /s 

Air fuel ratio = AFR = Ts. = 14 

Venturi (Air-flow): 

Venturi throat diameter, d v = 28 mm = 0.028 m 

Area of throat, A = (n/4) d v 2 = 6.157 x 10 ~ 4 m 2 
Coefficient of discharge of venturi, C dv = 0.85 
Coefficient of discharge of fuel jet, C df = 0.65 

Density of petrol, p, = 760 kg/m 3 
Inlet pressure, P 1 = 1 bar = 100 kPa 
Inlet temperature, 7 1 = 290 K 

(i) Ideal equation, Py a = m a RT : 

=> Actual mass flow rate = m a = 0.06 kg/s =216 kg/hr 

=> AFR = 14 

m, = ^ = 15.447 kg/hr 
Assuming flow of air to be incompressible, 

rh a = Cd V (p a x A v x C 2 ) => C 2 = —— ~ - 

C dv Pa^v 

p a = density of inlet air 
Py = Pa RT l 
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rhf — C^f xpfXAfXCf 

=> A f = 2.286 x 10- 6 m 2 

=> -rdf = 2.286 x 10 -6 m 2 

4 

=> d f = 1.706 x 10“ 3 m 

diameter of fuel jet, d f = 1.706 mm 

Q.8 Discuss why a carburettor is being replaced by an injection system in S.l. engine these days. 

[CSE (Mains) 2002 : 20 Marks] 
or 

Discuss the advantages of using multi-point fuel injection system in place of conventional carburettor. 

[CSE (Mains) 2005 : 10 Marks] 

Solution: 

Fuel-injection system is the most vital component in the working of SI engines as engine performance such as 

power output, economy etc. is dependent on the effectiveness of the fuel-injection system. 

Though, both carburettor and fuel-injection system serve the common purpose of preparation of combustible 

charge, but their working is different. Carburettor is replaced by fuel injection systems because of the following 

reasons: 

1 . Carburettor utilizes the relative air speed with respect to fuel speed at the fuel nozzle to atomize the fuel, 
thus the amount of fuel delivered being dependent on air velocity in the venturi. 

In case of fuel-injection system, the fuel speed at the point of delivery is greater than the air speed to 
atomize the fuel. The amount of fuel delivered into engine is controlled by pump which forces the fuel 
under pressure. 

2. A fuel injection system enables accurate metering of the fuel injected per cycle and can handle efficiently 
small quantities of fuel. 

3. The fuel injection system offers smoother and more consistent transient throttle response such as during 
quick throttle transitions, easier cold starting, more accurate adjustment to account for extremes of ambient 
temperatures and changes in air pressures. 

4 - It provides more stable idling, decreased maintenance needs and better fuel efficiency. 

5- Fuel injection also dispenses with the need for a separate mechanical choke, which on carburettor-equipped 
vehicles must be adjusted as the engine warms up to the normal temperature. 




’PneuOu^ 
Solved Pa Pers 

6 . In SI engines, fuel injection has the advantage of being able to facilitate stratified combustion which is not 
possible with carburettors. 

Multi point fuel injection system allows certain engine configurations such as inline five cylinder gasoline 
engines have become more feasible for mass production. The traditional carburettor arrangement with 
single or turn carburettors could not provide even fule distribution between cylinders, unless a more 
g complicated, individual carburettor per cylinder is used. 

w^h fi ' C ^° n systems are a ' so a ble to operate normally regardless of orientation, whereas carburettors 
wi oats are not able to operate upside down or in zero gravity, such as encountered on airplanes. 

0 9 D^c C uss e th an ff US Sta96S ° f combustion in C.L engine by illustrating on pressure-crank angle diagram. 

n\ 6 e _i 6Ct *°* low ' n 9 operating variables on the first stage of combustion: 

(0 ignition advance ,..v ..... . 

ce (ii) compression ratio (in) speed 

[CSE (Mains) 2003 : 20 Marks] 

or 

xplain the various stages of combustion in a diesel engine. 
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Solution: 

Stages of combustion in C.l. engine 

• Ignition delay period 

• Mixing-controlled combustion phase 


[CSE (Mains) 2005 : 15 Marks] 


• Premixed combustion phase (period of rapid combustion) 

• Late combustion phase 



Crank angle, deg 


Ignition delay period : The period between the start of fuel 
start of combustion is termed as ignition delay period. 

The definite period of inactivity between the time when 
the first droplet of fuel hits the hot air in the combustion 
chamber and the time it starts through the actual burning 
phase. The start of combustion is determined from the 
change in slope on the p ~ a diagram, or from heat 
release analysis of the p(a) data, or from luminosity 
detector in experimental conditions. 

Both physical and chemical processes must take place 
before a significant fraction of the chemical energy of 
the injected liquid fuel is released. 

Physical delay: It is the time between the beginning of 
injection and attainment of chemical reaction conditions. 
During this period, the fuel is atomised, vaporised, mixed 
with air and raised to its self-ignition temperature 


injection into the combustion chamber and the 

a - start of injection 
b - start of combustion 
c - ignition delay 

1. mixing period 

2. interaction period 

Expanded view 



Time 
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The physical delay is greatly reduced by using high injection pressures, high combustion chamber temperatures 
and high turbulence to facilitate breakup of jet and improving evaporation. 

Chemical delay: The chemical processes are the precombustion reactions of the fuel, air and residual gas 
mixture which lead to auto ignition. In this phase, the reactions start slowly and then accelerate until inflammation 
or ignition take place. 

Chemical delay is more accurate measure for the duration of the ignition delay period. 

Ignition delay period is in the range of: 

0.6 to 3 ms for low-compression ratio Cl diesel engines 

0.4 to 1 ms for high-compression ratio, turbocharged Cl diesel engines 

Premixed combustion phase or period of rapid combustion: Combustion of the fuel, which has mixed with 
air within flammability limits during ignition delay period, occurs rapidly in a few crank angle degrees. This 
phase is characterised by high heat release. If the amount of fuel collected in the combustion chamber during 
the ignition delay is large - high heat release rate results in a rapid pressure rise, which might also cause diesel 
knock. For fuels with low cetane number, with long ignition delay, ignition occurs late in the expansion stroke 
accompanied by incomplete combustion, reduced power output, poor fuel conversion efficiency. 

Mixing-controlled combustion phase: Once the fuel and air which is pre-mixed during the ignition delay is 
consumed, the burning rate (heat release rate) is controlled by the rate at which mixture becomes available for 
burning. The rate of burning in this phase is mainly controlled by the mixing process of fuel vapour and air. 
Liquid fuel atomization, vaporization, pre-flame chemical reactions also effect the rate of heat release. Heat 
release rate sometimes reaches a second peak (which is lower in magnitude) and then decreases as the 
phase progresses. Generally it is desirable to have the combustion process near the TDC for low particulate 
(soot) emissions and high performance (and efficiency). This period is assumed to end at maximum cycle 
temperature. 

Late combustion phase: Heat release rate continues at a lower rate into the expansion stroke - there are 
several reasons for this: a small fraction of the fuel may not yet be burnt, a fraction of the energy is present in 
soot and fuel-rich combustion products are not released. The cylinder charge is non-uniform and mixing during 
this phase promotes more complete combustion and less dissociated product gases. Kinetics is slower. 


Effect of operating variables on first stage of combustion. 

1. Ignition Advance: Maximum compression from the 
piston occurs at TDC. Increasing the spark advance 
makes the end of combustion crank angle approach 
TDC and thus gets higher pressure and temperature in 
the unburned gases just before burnout. 

2. Compression ratio: The higher compression ratio 
increases the pressure and temperature ratio of the 
mixture and decreases the concentration of residual 
gases. All these factors reduce the ignition lag and help 
to speed up the second phase of combustion. The 
maximum pressure of the cycle as well as mean 
effective pressure of the cycle increases with increase 
in compression ratio of the cycle. Higher compression 
ratio increases the surface to volume ratio and thereby 
increases the part of the mixture which after-burns in the third phase. 

3 Enaine Sneed- The turbulence of the mixture increases with an increase in engine speed. For this reason, 
■ tngine Speed. increases Nearly with engine speed. If the engine speed is doubled, flame to 

traverse^hecombuition chamber is halved Double the original speed and half .he or,g,nal time, time 
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“Pieoitoii 
Solved P apers 


required for flame give the same number of crank degrees for flame propagation. The crank angle require 
for the flame propagation, which is main phase of combustion, will remain almost constant at all speeq$ 
This is an important characteristic of all petrol engines. However at high engine speeds there is less heat 
loss so the unburned gas temperature is higher which promotes auto-ignition. 


Q.10 The venturi of a simple carburettor has a throat diameter of 20 mm and the fuel orifice has a diameter 

of 1.12 mm. The level of petrol surface in the float chamber is 6.0 mm below the throat venturi. Coefficient 

of discharge for venturi and fuel orifice are 0.85 and 0.78 respectively. Specific gravity of petrol j s 
0 .75. Calculate 

(i) the air-fuel ratio for a pressure drop of 0.08 bar, 

(") P etro1 consumption in kg/hr and 
(iii) the critical air velocity. 

The intake conditions are 1.0 bar and 17°C. For air C p = 1.005 and C v = 0.718 kJ/kg-k. 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 


Given. Throat diameter. D ( ~ 20 mm, Orifice diameter, d 0 = 1.12 mm, z = 6mm, Coefficient of discharge for 

venturi, C d ( - 0.85, Coefficient of discharge for fuel orifice = C rt = 0.78, Pressure drop = AP = 0 08 bar 
Density of fuel, p, = 750 kg/m 3 


Density of a,r = p a p a = A = 1.201 kg/m 3 


(i) 


AFR 


™a._ Ctf'fXAf Xyj2(AP)p a 

m t C d qxAqX ^2P [AP -p,gz) 
14.496 


(ii) 


m, = 


(iii) For critical velocitym, sec 

ie ' < AF U,cal 


(C. 


'2. critical'air 


|)air 


Of. o x A) x y2p^ [aP - p ,gz) 

2.552 x 10~ 3 kg/sec = 9.189 kg/hr 


= 0 


p,gz = 44.145 N/m 2 

l 2 *( AP )critical = 8.577 rrVsec 
V Pa 


Air flow 



Q.11 Determine the air-fuel ratio at 6000 m altitude in a carburettor adjusted to give an air-fuel ratio of 
15 : 1 at sea level where air temperature is 27°C and pressure is 1.013 bar at 0 

The temperature of air decreases with altitude and is given by the expression t = f - o OOfis h 
where h is height in metres and t s is the sea level temperature in °C. s Ut>& " 

The air pressure decreases with altitude as per the relation 

h = 19220 log e f- p 13 j. where Pis in bar. 


Solution: 


[CSE (Mains) 2004 : 20 Marks] 


Given: Height, h = 6000 m, Air fuel ratio, AFR = 15:1, Ambient temperature, T = 300 K 
Ambient pressure, P 1 = 1.013 bar = 101.3 kPa 1 

The temperature of air decreases with altitude as given by the relation. 

t h = t s - 0.0065 h = -12°C 

=» T h = 273-12 = 261 K 

The air pressure decreases with altitude as given by the relation. 
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h = 19220 log 


'1.013' 


6000 = 19220 log. 


'1.013' 


P h = 0.73185 bar = 73.185 kPa 


AFR a ^/density of air 


AFR a 

VPair" 

AFR, 

I Pair,h 

AFR S - 

\ P air,h 

AFR ft = 

13.669 


RT h _ 


= 0.91127 


RT C 


Q.12 An 8-cylinder, 4-stroke diesel engine has a power output of 368 kW at 800 RPM. The fuel consumption 
is 0.238 kg/kW-hr. The pressure in the cylinder at the beginning of injection is 35 bar and the maximum 
cylinder pressure is 60 bar. The injector is adjusted to operate at 210 bar and the maximum pressure 
in the injector is set at 600 bar. Calculate the orifice area required per injector if the injection takes 
place over 12° crank angle. Assume the coefficient of discharge for the injector = 0.6, specific gravity 
of fuel = 0.85 and the atmospheric pressure = 1.013 bar. Take the effective pressure difference to be 
the average pressure difference over the injection period. 

[CSE (Mains) 2004 : 30 Marks] 

Solution: 


Given: No. of cylinders, k = 8, 4-stroke (Diesel engine), Brake power, BP = 368 kW, Speed N = 800 rpm 
=> to = 2tcA//60 = 83.775 rad/s 

Brake specific fuel consumption bsfc = 0.238 kg/kw-hr = 6.611 x 10~ 5 kg/kJ 

Brake specific fuel consumption = Mass flow rate of fuel required to produce unit power 

,, . . rhf 

=> (bsfc) = 

=> rh f = bsfc x BP = 0.0243 kg/s 

Pressure in cylinder at the beginning of injection, P ,, 1 = 35 bar 
Maximum pressure in cylinder at the beginning of injection, P cy|I 2 = 60 bar 

Mean pressure in the cylinder, P cyl m = yU cyl ’ 2 = 47.5 bar = 4750 kPa 


Operating pressure in injector, P inj 1 
Maximum pressure in injector, P jnj 2 

Mean pressure in injector, P inj m 

Crank angle at the time of injection, 0 jnj 
Coefficient of discharge for injector, C d 
Specific gravity of fuel 
Density of fuel, p f 
Atmosphere pressure 
Let area of injector orifice, A 0 

Fuel flow rate during injection, 


210 bar 
600 bar 

^ ni,1 ^ nj ' 2 = 405 bar = 40500 kPa 

12 ° 

0.6 

0.85 

850 kg/m 3 
1.013 bar 


^inj - x x Aq x C 2 , 




Cycle time = f cycle = 



0.158 


[As crank completes 2 rotations in a cycle in 4-stroke engine] 
Applying mass conservation, m inj xf jnj = m f xt cycle 

=> 147,900 A q x 2.5x 10~ 3 = 0.0243 x 0.15 

^ A q = 9.858 x 1CT 6 m 2 = A 0 = 9.858 mm 2 

Area of injector orifice required = 9.858 mm 2 

Q.13 Describe the different phases of combustion in a S.l. engine. How should the following factors be 
changed to reduce the tendency of knock in a S.l. engine: 

(i) Compression ratio 

(ii) Distance of flame travel 

(iii) Inlet mixture temperature 

(iv) Turbulence 

Justify your answer with proper reasoning. 


Solution: 


[CSE (Mains) 2004 : 30 Marks] 


Different phases of combustion in S.l. engine are: 

First stage (Ignition lag):lt is referred to as ignition lag or preparation phase in which the growth and 
development of a self-propagating nucleus of flame takes place. This is a chemical process depending upon 
both temperature and pressure, nature of fuel and the proportion of the exhaust residual gases. It also depends 
upon the relationship between the temperature and rate of reaction. 

Second stage (Propagation of flame): This stage is marked by spread of the flame throughout the combustion 
chamber. The starting point of the stage is where the first measurable rise of pressure is seen on the indicator 
diagram. 

During the second stage, the flame propagates at a constant velocity. Heat transfer to the cylinder wall is low 
because only a small part of the burning mixture comes in contact with the cylinder wall during this period 
During this stage, the combustion chamber volume remains constant, hence rate of pressure rise is proportional 
to the rate of heat release. 

Third stage (Afterburning): The onset of this stage is taken as the instant at which maximum pressure is 
reached on the indicator diagram. 

The flame velocity decreases during this stage. 

The rate of combustion becomes low due to lower flame velocity and reduced flame front surface. 

No pressure rise takes place during this stage as the expansion stroke starts before this stage of combustion. 
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Effect of variables on Knock: 

(i) Compression Ratio: When compression ratio 
increases, pressure and temperature increases 
and an overall increase in the density of the 
unburned mixture is observed. The increase in 
temperature reduces the delay period of end 
gas which increases the knock tendency. 

(ii) Distance of flame travel: If the distance of 
flame travel is more, the possibility of knocking 
increases as the time of exposure of the 
unburned mixture to auto-ignition conditions 
increases. 
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Stages of Combustion in S.l. Engine 


Hence, combustion chambers are made as spherical as possible to minimize length of flame travel. 

(iii) mixture temperature: An increase in the inlet temperature of mixture makes the compression 

temperature higher, thus increasing the temperature of unburnt mixture and raising the possibility of 
knock. 

(iv) Turbulence: Increase of turbulence increases the flame speed and reduces the time available for the 
end charge to reach auto-ignition condition. This reduces the knocking tendency. 


Q.14 A 4-stroke petrol engine has a swept volume of 2.0 litres and is running at 4000 r.p.m. The volumetric 
efficiency at this speed is 0.75 and the air-fuel ratio is 14:1. The venturi throat diameter of the carburettor 
fitted to the engine is 30 mm. Estimate the air velocity at the throat if the discharge coefficient for air is 
0.9. The ambient conditions are: pressure = 10 bar, temperature = 20°C. Calculate the diameter of the 
fuel jet if the fuel density is 760 kg/m 3 . For air C p = 1.005 kj/kg K and R = 287 J/kg K. Assume C df = 1.0. 

[CSE (Mains) 2005 : 30 Marks] 

Solution: 

Given: 4-stroke, petrol engine, Swept volume, V s = 2 x 10- 3 m 3 Speed, N = 4000 rpm, 

Rate of volume swept, V s = = 0 0667 m 3 /s 

Volumetric efficiency, r| vol = 0.75 

Rate of actual air flow V 4 

T ' vo1 Rate of volume swept ^ Tlvo1 ~ V s 

=> V a = V's xri V0 | =0.05 m 3 /s 

Ambient pressure, P 1 = lOOkPa 
We know, Ambient temperature, 7 1 = 20 + 273 = 293 K 

lde al gas equation, py a = rh a RT : 

RV 

=> rh = = 0.059 kg/s 

rn a - R7 - y/ 

^ rh a = 214.054 kg/h 


Air fuel ratio = AFR = - — 

m f 1 

rh, = = 15.289 kg/h 

Density of fuel, p f = 760 kg/m 3 

Density of air, p a = = 1.18 kg/m 3 

’'a 
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Let cross-section area of fuel jet = A f 
Velocity of fuel jet = C 2 f 
Coefficient of discharge of fuel jet = C d f (= 1) 

m f = C d fXp f xAfxC Z f 


A f - 


m, 


C d , t x Pf x C 2 f 


A f = 1.797 x 10 -6 m 2 



d f = 

Diameter of fuel jet = 
Coefficient of discharge of air, C da = 
Venturi throat diameter, d v = 


1.513mm 
1.513 mm 
0.9 

30 mm = 0.03 m 


Area of venturi throat, A v = 



7.068x10“ 4 m 2 


'Piewoui 
Solved Pape rs 


Let air velocity at throat, C 2a = 

c 2a = 

Velocity of air at venuri throat = 


rii a C d y x p a X A v x C 2 a 

78.595 m/s 
78.595 m/s 


^ C 2 a - 


m. 


C dv xp a xA v 


Q.15 Derive an expression for air-fuel ratio delivered by a simple carburetor, neglecting the effect of 
compressibility. Discuss the limitations of simple carburetor. What are the modifications incorporated 
for its use in automotive vehicles? 


Solution: 

Assumption: 1 . Incompressible flow of air (p 1 = p 2 = p a ) 

Z-> difference of head between fuel surface and fuel discharge. 
I. Air Flow: Applying Bernouli’s equation in air-flow 

~>2 n r' 2 


^iviains; zuuo : 3U MarKSJ 


Cl 3 Pp C‘ 2 g 

l.a +z = __ 2 _ + 2,a 


+ Zo 


Pad 2 g ' ^ p a g 2 g 
As, C 1 « C 2 , Z, - Z 2 -> 0 

C la P^- p 2 ^ c = IEKzEI 

2 g Pa 9 2,8 V Pa 


C d coefficient of discharge of venturi 
A v -> Area of throat: d t = diameter of throat 

II. Fuel Flow: 

Applying Bernoulli’s equation 

-3- + £w +z = 3_+^Ll+z 2 , 

Pfd 2 g p f g 2g 


Inlet 


c| 

2 g 


ZzA +{Zxf -z 2J ) 

P/9 


L\(P,-P2)-Pt9Z] 

C,,= - - 




Fuel 

from 

supply 

.Float 
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™f = C d,o*PfXA Q xC 2 f 


= G 


do x 


4 d ° 


x V 2 P'[( p i- p 2)-Pf9 z ] 


'd, 0 


coefficient of discharge of fuel orifice 


A 0 -> area of fuel orifice; d 0 diameter of fuel orifice 


_ ^d, v x A x V^Pa(^i ~ ^2) 

™ f c d t 0 x A) x >/ 2 Pr K^l “ P 2) ~ PfS^] 

Limitations of a Simple Carburettor 

1. A simple carburettor provides the required air-fuel ratio only at one throttle position. At all other throttle 
positions, the mixture is either leaner or richer depending on whether the throttle is opened less or more. 

2. The throttle opening changes the velocity of air. It also changes the pressure differential between the float 
chamber and venturi throat and regulates the fuel flow through the nozzle. 

3. At very low speeds, the mixture supplied by a simple carburettor is so weak that it does not ignite 
properly. 

4. The working of simple carburettor is affected by changes of atmospheric pressure and temperature. If the 
initial conditions of the device are set according to a particular ambient temperature, the air fuel mixture 
may become rich or lean owing to changes in the density of air. 

5. In simple carburettor, the mixture is weakened when the throttle is suddenly opened because of inertia 
effect of the fuel which prevents the proper quantity of fuel from flowing immediately. 

6 . It gives the proper mixture at only one engine speed and load, therefore, suitable only for engines running 
at constant speed. Any increase or decrease, the quantity of fuel issuing out will change and not match 
the velocity of air flowing through the venturi and proper mixing will not take place. 

On city roads, where the vehicle can be operated only between 25 to 60% of throttle opening, the carburettor 
must be able to supply nearly constant air fuel mixture. However, the tendency of simple carburettor is to 
progressively enrich the mixture as the throttle starts opening. The main metering system will not be 
sufficient to meet these needs. Therefore, certain compensating devices are added in the carburettor 
along with the main metering system to supply a mixture with the required air fuel ratio. 


Modification incorporated in the Carburettor: 
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Air Bleed Jet Air bleeds, sometimes referred to as "air jets" or "air bleeders play a vital role in the 
operation of a carburettor. Air bleeds are responsible for determining the amount of air that will mix with 
each circuit in the metering block. 

Idle Air Bleed : The idle air bleed could be the hardest working among them all. Air to be mixed with idle 
fuel is provided by the idle air bleed. The idle mixture screws rely on air provided by this bleed. 
Intermediate Bleed: The intermediate bleed is found on 3 circuit carburettors only. The intermediate 
bleed provides air for the 3rd circuit. On most large flange carburetors this would be the bleed found in 
the middle. 


High Speed Bleed: The high speed air bleed or also referred to as the main bleed correlates to the 
main system. The high speed air bleed controls how much air is fed to the emulsion channels of the 
metering block. The high speed air bleed is generally located closest to the squirter when looking at most 
race carburettors. 

2. Compensating Jet: As throttle valve is opened more and more, an extra air valve, which is mounted on 
carburettor, opens against the force of a spring and supplies extra air to mixture. Thus throughout the 
economy range, the strength of mixture is kept reasonably constant. 

Restricted Air Bleed Compensation method: 

A jet tube, which has opening at its periphery, is provided with carburettor in this type of compensation. 
A restricted air bleed opening connects main air passage to the outer enclosure of the jet tube. At starting 
time and at slow speed of engine, there is small pressure due to the effect of viscosity and surface 
tension of the fuel, the more quantity fuel flows into the venturi gives a rich mixture when throttle valve 
opens more at high speed. The effect of viscosity considerably diminishes and there is a higher pressure 
drop in the venturi due to which more fuel is to be drawn and sprayed by the nozzle but at this stage the 
air bubbles starts bleeding through the jet tube opening, making a lean mixture. 

3. Emulsion Tube: Emulsion tube in a 


carburettor is used to maintain the air 
fuel ratio at all speeds. It consists of a 
well with main metering jet at its bottom. 
The jet has holes on its sides. It is in 
communication with atmospheric air. 
Initially air is drawn through the holes into 
the well and petrol is emulsified. When 
the throttle valve is opened, the reduced 
throat pressure causes the emulsified 
petrol and mixes with incoming air and 
reduces richness of mixture. As speed 
increases, the holes in the central tube 
are progressively uncovered, thus 
maintaining air/fuel ratio. 



In some carburettors compensating air is fed around an emulsion tube, in which the fuel level drops as throat 
velocity increases and brings extra sets of bleed holes into action. 


Q.16 A simple carburetor has a venturi throat diameter of 20 mm and the coefficient of flow is 0.8. The 
diameter of the fuel orifice is 1.14 mm and the coefficient of fuel is 0.65. The gasoline surface is 
5 mm below the throat. Calculate. 

(i) the air-fuel ratio for a pressure drop of 0.08 bar when the nozzle tip is neglected: 

(ii) the air-fuel ratio when the nozzle tip is taken into account; 

(iii) the minimum velocity of air or critical air velocity required to start the fuel flow when the nozzle tip 
is provided. 

Assume the density of air and fuel to be 1.20 kg/m and 750 kg/m 3 respectively. 

[CSE (Mains) 2007 : 20 Marks] 
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Solution: 

Given: Venturi-throat diameter, d v = 20 mm = 0.02 m, Coefficient of discharge through venturi, C dv = 0.8, 
Fuel orifice diameter, d 0 = 1.14 mm = 1.14 x 10~ 3 m, Coefficient of discharge of fuel orifice, C M = 0.65 
Z- 5 mm = 0.005 m 



= C dv X A- X P a x c 2 = C av X x 72(P, - P 2 )p s 

(i) When nozzle tip is neglected: 

= C a0 xA,x^2(P,-B.)p, 



Ad = 2 «c 

=> AFR = r Ik = ^S.- xA ''J 2{ Zlz5K, x gZ [i I- 151 , 

m ' C o0 xAx v '2(P,-R,)p, - C o0 £J 0 2 Vp, ” 

(ii) When nozzle tip is taken into account 
Apply Bernoulli between 1, /and 2 

=> P v Cf _ P 2 , Cf _ 

P/g P« ff 2g ‘ 

Z, = 0 . Z ? = Z 


a = 


: 2(P-P ? ) 

V p f 


£ 


- C dQ x Ar X V 2((P - P 2 ) - p*gz)p. 


[As C, «< c 2 ] 


AFR = 


_ x A x y]2(P i ~ P 2 )Pj 


m, Cjjo X Ac X V '2((R -P 2 )-p.gz)p ( 


("i) At 


critical velocity, 


xd* 

AFR = —- 


(Pl-P?*! 


C dC do V((P--P 2 )-p.gz)p ( " 1519 


m, = 0 

(AP) crmcai = P^ =36.787 Pa 


,2x(AP) =r , ea . 


'2 cfTtcai 


= 7.83 m/sec 
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Q.17 (I) Discuss the requirements of an injection system of a diesel engine. 

(ii) With the help of a sketch discuss the working of common rail injection system. 

[CSE (Mains) 2010 : 20 Marks] 

Solution: 

(i) Requirements of an injection system of a diesel engine are as follows: 

1. The injection system should have accurate metering of fuel per cycle as small quantities of fuel are 
being handled. Metering errors may cause drastic variation from the desired output. 

2. The quantity of fuel metered should vary to meet the varying speed and load requirements of the 
system. 

3. The timing of fuel injection should be correct in the cycle so that maximum power is obtained ensurinq 

fuel economy and clean burning. y 

4. It should provide proper control over injection rate so that the desired heat-release pattern is achieved 
during combustion. 

5. It should atomise fuel into very fine droplets. 

6. It should have proper spray pattern to ensure rapid mixing of fuel and air. 

7. It should be able to provide uniform distribution of fuel droplets in the combustion chamber. 

8. It should supply equal quantities of metered fuel to all cylinders in case of multi -cylinder engines. 

9. It should have no lag in the beginning and end of injection to eliminate dribbling of fuel droplets into 

the cylinder. 

(ii) Common Rail Fuel Injection Sytems: The development of common rail systems gained impetus in 
recent times due to implementation of stringent emission standards and demand of better fuel econorr, 
and engine performance. 

The following are the features of this system: 

1. In this system, the generation of high fuel pressure and effective fuel injection are separated. 

2. The fuel pressure is independent of engine speed and load, unlike the mechanical in-line jerk and distributor 
pumps. 

3. The high-pressure fuel is fed to a rail (or manifold) from where the fuel is supplied to the individual 
injectors. 

4. A typical system consists of four main components: 

(a) high-pressure pump 

(b) high-pressure distribution rail and pipes 

(c) injectors 

(d) electronic control unit (ECU) 

5. A mechanical pump pressurizes the fuel and feeds the common rail with the fuel at high pressu r e 

6. The common rail is connected to the injectors by short pipes. 

7. A solenoid value in each injector controls the injection process. 

8. The amount of fuel delivery is controlled by the injection pressure and opening period. 

9. This system divided into two main classes: 

(a) Non-intensified systems: In non-intensified systems, the rail pressure is same as the injects 
pressure and no pressure intensification takes place in the injector. 

(b) Intensified systems: In intensified systems, the rail pressure is lower than the injection pressure 
and a stepped piston in the injector body is used to multiply the fuel pressure by a factor rang n 9 
from 3 : 1 to 10 : 1. 

10 . The main advantage of the common rail system over the conventional in line jerk pumps is that the 
injection pressure is constant and independent of engine speed and load 
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Q.18 What are the effects of the following additives that are added to petrol to improve its combustion and 
other characteristics? 

(i) Antioxidant (ii) Corrosion inhibitor 

(iii) Anti icing agent (iv) Antiknock agent 

(v) Metal deactivator 

[CSE (Mains) 2012 : 10 Marks] 


Solution: 

(i) Antioxidants: These are the molecules that inhibit oxidation of other molecules. Gasoline can contain a 
number of unstable species such as olefins that can polymerise to form gums. Gums in the fuel are 
transported through fuel system and can lead to malfunction and breakdown. In the fuel system, gums 
are responsible for injection system fouling and are implicated in intake valve deposit formation. 
Unstable species in gasoline produce free radicals which react with oxygen to produce further free radicals 
in a chain reaction and react with olefinic compounds to form gums. Antioxidants work by disrupting the 
chain propagating steps, by decomposing peroxides and by acting as free radical traps. 

(ii) Corrosion inhibitor: The presence of sulphur in gasoline has a corrosive effect on non-ferrous metals. 
Corrosion inhibitors such as copper and silver act as barriers by forming a film on the metal surface and 
preventing the sulphur from reaching and reacting with the surface. 

(iii) Anti-icing agent: These are additives which lower the freezing point of water based liquids. Since water 
has good properties as coolant, water plus antifreeze is used in 1C engines to overcome the shortcomings 
of water as a heat transfer fluid, which can tolerate a wide temperature range. The purpose of anti-icing 
agent is to prevent a rigid enclosure from barsing due to expansion when water freezes. It is also used in 
aviation fuel to prevent formation of ice in fuel lines. 

(iv) Anti-knock agents: In earlier times, TEL(tetra -ethyl lead )was used for reducing the knocking tendency 
of petrol fuel by decreasing the chance of formation of flame front from the end charge. Nowadays, TEL is 
replaced by EBD(ethylene-di-bromide) due to the problem of lead oxide formation using TEL. 

(v) Metal deactivator: The presence of metals in fuels, particularly copper is associated with reduced oxidation 
stability. Soluble metal salts in fuel catalyse oxidation reaction with subsequent gum formation and deposit 
build up in fuel system or on intake valves. Metal deactivators have the ability to chelate or cage dissolved 
metal ions. In the stable chelate form, the metal has no pro-oxidant effect. 
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Q.19 (i) What is the purpose of shrouding the inlet valve in compression ignition engines? 

(ii) With the help of cross-section figures and schematics show the shrouded inlet valve and masked 

cylinder head for producing net in-cylinder angular momentum viz., swirl in compression ignition 
engine. n 

(iii) Give two disadvantages and their effects of open combustion chambers. 


So|utjQn [CSE (Mains) 2012 : 4 + 12 + 4 = 20 Marks] 

(i) Purpose of shrouding the inlet valve in compression ignition engines: Shrouding intake valve is done 
to generate a swirling motion of air. A suitable level of swirl is produced by rotating the valve about its 
axis. A shroud intake valve, increases the turbulence intensity of in-cylinder flow. When the turbulence 

intensity increases, the fuel air mixture becomes easier to ignite and flame propagation and flame speed 
is increased. 

II" 1118 ' ^ rec * uces knockin g tendency by reducing the time available for end charge to auto-ignite. 
in pen Combustion Chamber: Cl engine combustion chamber serves an important function of proper 
mixing of fuel and air through an organized air movement called air swirl which provides a high relative 
velocity between the fuel droplets and the air. 

The air motion and turbulence in the chamber is guided by the shape of combustion chamber. 

n open combustion chamber, is defined as one in which the combustion space is essentially a single 
cavity with little restriction from one part of the chamber to the other and hence with little pressure difference 
between parts of the chamber during the combustion process. 

The drawbacks of these combustion chamber are: 

(i) High fuel-injection pressure required and hence complex design of fuel-injection pump. 

(") Necessit V of accurate metering of fuel by the injection system, particularly for small engines. 

Q 20 ln the Pressure crank angle diagram of normal combustion SI engine, show the point of ignition point 
of combustion, angle of advance, ignition lag and combustion period. 

[CSE (Mains) 2013 : 10 Marks] 

Solution: 



o 

(Crank - Angle) 


C : Compression E 

S : Sparking I 

Point (b) : Point of ignition Point (a) 

Sparking begins at 164° BTDC -> angle of advance 
164° BTDC to 192° ATDC -> combustion period 


Expansion 

Ignition 

Point of combustion 
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q 21 How do the following parameters influence knocking in SI engine combustion? 

(i) Self-ignition temperature of the fuel (ii) Air-fuel ratio 

(iii) Dilution by residual gas (iv) Shrouded inlet valve 

(v) Combustion chamber design 

[CSE (Mains) 2013 : 10 Marks] 


Solution: 

(i) Self-Ignition Temperature of the fuel: In an SI engine, combustion is initiated between spark plug 
electrodes and spreads across the combustible mixture. A flame front propagates from the spark plug to 
the other end of the combustion chamber. Heat release due to combustion increases the temperature and 
piessure of the burned part of the mixture which expands and compresses the unburned mixture 
adiabatically, thereby increasing its temperature and pressure. 

It the temperature of the unburnt mixture exceeds the self-ignition temperature of the fuel, auto-ignition 
might occur which leads to collision of the opposite travelling flame fronts resulting in knocking. It is 

lequired that the fuel must have a high self-ignition temperature to prevent auto-ignition and reduce the 
knocking tendency. 

(ii) Fuel-Air Ratio: The maximum tendency to knock takes place for the fuel-air ratio which gives maximum 
reaction time. Also, the flame speeds and flame temperature are affected by fuel-air ratios. Maximum 
flame temperature is obtained when equivalence ratio {<\>) ~ 1.1 to 1.2, whereas <}) = 1 gives minimum 
reaction time for auto-ignition. 

In general, enriching the fuel-air ratio alters the chemical reactions during combustion, reduces the 
combustion temperature and increases the margin above detonation. 

(iii) Dilution by residual gas: Energy during combustion is absorbed and if the mixture is diluted by exhaust 
gases, the flame propagation is reduced. As a result, the ignition lag is prolonged. Thus, longer time is 
required for the flame front to burn through the unburned charge and knocking tendency is reduced. 

(iv) Shrouded Inlet Valve: Shrouded intake valve is used to generate swirling motion of air and it permits 
suitable level of swirl by rotating the valve about its axis. Thus, on using the shroud intake valve, turbulence 
intensity of the in-cylinder flow can be increased. When turbulence intensity increases, the fuel-air mixture 
becomes easier to ignite and flame propagation and flame speed is increased. 

This results in less time available for the end charge to attain auto-ignition conditions, thereby decreasing 
the tendency to knock. 

(v) Combustion Chamber Design: Compact combustion chamber results in shorter flame travel and 

combustion time and hence better antiknock characteristics. Therefore, combustion chambers are made 
as spherical as possible to minimize the length of flame travel for a given volume. The combustion 
chamber, in general is shaped in a way to promote turbulence as higher turbulence results in higher 
combustion rate and consequently less combustion time and knocking tendency. " ^ 

Q-22 Differentiate between normal and abnormal combustion in SI engines. List out the three major knock 

limited parameters and explain its use in the engine design. 


Solution: 


[CSE (Mains) 2015: 10 Marks] 


Normal Combustion: In normal combustion, spark-ignited flame moves steadily across the combustion chamber 
until the charge is fully consumed. 

Abnormal combustion: Under certain operating conditions, the combustion deviates from its normal course 
leading to loss of performance and possible damage to the engine. 

Factors responsible for abnormal combustion are: fuel composition, engine design, operating parameters and 
combustion chamber deposits. 

There are two types of abnormal combustion: 

(a) Knock (b) Surface Ignition 
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Combustion with detonation 


Three major knock limited parameters and their use in engine design: 

1. Knock Limited Compression Ratio: The knock limited compression ratio is obtained by increasing the 
compression ratio on a variable compression ratio engine until incipient knocking is observed. Any change 
in operating conditions such as fuel-air-ratio or in the engine design that increases the knock-limited 
compression ratio is said to reduce the tendency towards knocking. 

2. Knock Limited Inlet Pressure: The inlet pressure can be increased by opening the throttle or increasing 

supercharger delivery pressure until incipient knock is observed. An increase in knock limited inlet pressure 
indicates a reduction in knocking tendency. 

3. Knock Limited Indicated Mean Effective Pressure (KLIMEP): A useful measure of knocking tendency 
called the performance number is defined as the ratio of KLIMEP with the fuel in question to (KLIMEP) with 
iso-octane when the inlet pressure is kept constant. This performance number is related to octane number 
and one of the advantages of this is that it can be applied to fuels with knocking. Characteristics superior 
to that of iso-octane i.e. extending beyond 100. 

The concept of relative performance number, rpn, is also defined as: 


_ Actual Performance Number _ 

Performance number corresponding to the imep of 100 

Q.23 An engine having a single-jet carburettor consumes 6.0 kg lh of fuel. The density of fuel is 750 kg/m 3 The 
level in the float chamber is 3 mm below the top of the jet when the engine is not running. The ambient 
conditions are: 

Pressure = 1.013 bar and Temperature = 21 °C 

The jet diameter is 1.2 mm and its discharge coefficient is 0.65. The discharge coefficient of air is 
0.80. The air/fuel ratio is 15.3 : 1. Determine: 

(i) critical air velocity; (ii) depression at the throat in mm of H O; 

(iii) effective throat diameter. 

Neglect the compressibility of air. 


[CSE (Mains) 2016 : 20 Marks] 
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Air flow 


Given: Fuel flow rate - m F = 6 kg/h = 1.67 x 1(H kg/s, Density of fuel = p,= 750 kg/m 3 , Z = 3 mm = 

Ambient conditions Pressure = P, = 1.013 bar = 101.3 kPa, Temperature = T, = 273 + 21 = 294 k 
of fuel jet = d f = 1.2 mm = 1.2 x 10~ 3 m; 

Cross-section area of fuel jet, A F = ^c/| = 1.131 x lO^m 2 

coefficient of discharge of fuel surface, c df = 0.65 
coefficient of discharge of virtual throat, =08 

a,a 

Air-fuel ratio = AFR = 15 3= 

m f 

=> m a = AFR x m f =91.8 kg/h 

rh a = 0.0255 kg/s 

Neglecting compressibility effect of air; 

(i) For critical air velocity ; rh f = 0 

=> ( AR ) C r= Pf9 z = 22.072 Pa 
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0.003 m, 
Diameter 



'2a 


1 — 

9 

(AP)cr) 


V Pa y 


where 


(ii) 


Pa= - 5 ^ = 1-2 kg/m 3 
HI 1 


C 2 , a = 6.064 m/s 


rhf — C df xp F x Ap x C 2 ,f 


C 2f - 


( AP -P Fgz^ 


Pf 


=> 

=> 


1.67x10 _3 = 0.65x750x1.13x10 6 xJ 2 

AP = 0.03449 b; 

P t = 0.9785 bar 


f AP-750x9.81x0.0Q3 h 
750 J 


AP = 0.03449 bar = P atm - P f = 0.03449 


0.9785 = PH 2 oxgx4t 2 0 
/Vi 2 o = 9.975 m of H 2 0 


Head in terms of water column = 9.975 m 


(iii) 


= C d , a xp a xA,xC 2 

C 2 . a = 


[2AP 2 X 0.03449 xio 5 




. Pa V 1.2 
0.0255 = 0.8 x 1.2 x A t x 75.82 
A f = 3.503 xIO " 4 m 2 

-ofj = 3.503 x 10 -4 m 2 
4 

d v = 0.02112 m = 21.12 mm 
Diameter of virtual throat = 21.12 mm 


= 75.82 m/s 
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Q.24 Explain Cetane rating of a fuel. Discuss its importance for the selection of fuels. Justify the range 
Cetane numbers of commercial diesel fuels. 


[CSE (Mains) 2002 : 20 Marks] 

Solution: J 

Cetane Rating of Fuel: indicates the percentage by volume of normal cetane in a mixture of n-hexadecane 
or cetane (C 16 H 34 ) and a - methyl naphthalene(C 11 H 10 ) which exhibit the same ignition characteristics as the 
test fuel when combustion is carried out under specified operating conditions. 

It is an inverse function of fuel's ignition delay and the time period between start of injection and first identifiable 
pressure rise during combustion of fuel. Since it is a measure of ignition delay and an indicator of combustion 
speed of diesel fuel, it plays an important role in fuel selection. 


Importance of cetane number for fuel selection: Diesel is injected in the hot compressed air in the cylinder 
of a diesel engine which burns to produce power. If there is a large time gap between injection and ignition 
there is an unwanted accumulation of fuel in the cylinder which suddenly burns at a time with a pressure wave, 

producing diesel knock. Hence it is important to select a fuel with high cetane numbers to have shorter ignition 
delay. 


Cetane number is the most widely accepted measure of fuel ignition quality as high cetane number (CN) 
implies: 

1. Short ignition delay period: It results in more complete combustion of fuel charge in combustion chamber 
as ignition delay is the primary factor for auto-ignition or knock. 

2. Easy ignition of fuel: It results in smoother running and better engine power and less harmful emissions 

3. Cetane number also relates to how well diesel engine starts in cold weather. In diesel engine, in absence 
of spark plug to start ignition, the fuel with higher CN reaches ignition point more easily and makes the 
engine start more easily in cold weather conditions. 

4. It reduces tendency of diesel knock. 

CN requirements mainly depend on: 

(a) engine design and size (b) speed of operation 

(c) load variations (d) atmospheric conditions (to some extent) 

A model fuel is prepared using n-hexadecane or cetane (C 16 H 34 ), which is assigned CN 100 and a-methyl 
naphthalene (C^H^), with CN 0. The percent by volume of n-hexadecane in a model fuel is the cetane number 
of the test diesel whose knocking performance matches with the model fuel when tested in a specified engine 
Most modern fuels have CN between 45 and 55. It is the most optimum range to avoid diesel knock as fuels 
with higher cetane number which have shorter ignition delays provide more time for the fuel combustion 
process to be completed. Hence, higher speed diesels operate more effectively with higher cetane number 
fuels. There is no performance or emission advantage when the CN is raised past approximately 55. 

The ascending order of cetane rating of hydrocarbons is given by: 

Aromatics < iso-paraffins < naphthalene< olefins< n-paraffins 

Following are the cetane numbers of varying grades and types of compression ignition diesel fuels: 

• Regular diesel—48 * Premium diesel--55 

• Biodiesel (B100)~55 * Biodiesel blend (B20)-50 

• Synthetic diesel-55 

Q.25 What are the different sources of emissions from an I.C. engine? Discuss the mechanism of formation 
of oxides of nitrogen and carbon monoxide. Explain various methods that can be used for the control 
of emissions of oxides of nitrogen. 

[CSE (Mains) 2004 : 30 MarksJ 
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Sources of pollutants from SI engine: 

The following are the three main sources from which pollutants are emitted from the SI engine: 

se. Where piston blow-by fumes and oil mist are vented to the atmosphere. 

• The fuel system- Whprp ■ • 

tank are vented to the atmosphere ° m the carburetor or P etrol Nation air intake and fuel 

the atmosphere S * em ^ ere P roclucts of incomplete combustion are expelled from the tail pipe into 


Evaporative 

emission 

(HC) Crankcase 



Crankcase Emission: The piston and its rings are designed to form a gas-tight seal between the sliriinn 
piston and cylinder walls. However, in practice there will always be some compressed charge and burnt fi ,m 9 
escape during compression and power stroke to crankcase. These gases are usually unburnt air-fuel m' 
hydrocarbons, or burnt (or partially burnt) products of combustion, CO„ H,0 (steam) or CO Tho„, !* Ure 
also contaminate the lubricating oils. ^ ro ucts 

Evaporative Emission: Evaporative emissions account for 15 to 25% of total hydrocarbon emission fr 
gasoline engine. The following are two main sources of evaporative emissions: r ° m 3 

• The fuel tank 
The carburettor 

Fuel tank losses: The main factors governing the tank emissions are fuel volatility and the 
temperature but the tank design and location can also influence the emissions as location affect 
temperature. Insulation of tank and vapour collection systems have all been explored with ^ S ^ 
reduce the tank emission. 3 V ' ew to 

Carburettor losses: Although most internally vented carburettors have an external vent which opens at 
ldle throttle position, the existing pressure forces prevent outflow of vapours to the atmosphere Inter 
vented carburettor may enrich the mixture which in turn increases exhaust emission. 


(i) 


(ii) 
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Exhaust Emission: The different constituents which are exhausted from S. I. engine an eren actors 
which will affect percentages of different constituents are discussed below. 

Hydrocarbons (HC): The emission amount of HC (due to incomplete combustion is c ose y related to 
design variables, operating variables and engine condition. When the mixture supp ie is r ' c *T the 
flame propagation becomes weak which causes in turn incomplete combustion and results in HC emission. 
Carbon Mono-oxide (CO): If the oxidation of CO to C0 2 is not complete, CO remains in the exhaust. 
Theoretically, the petrol engine exhaust can be made free from CO by operating it at A/F ratio - 15. CO 
emissions are lowest during acceleration and at steady speeds. They are high during idling and reach 
maximum during deceleration. 

Oxides of nitrogen (NO x ): Oxides of nitrogen occur mainly in the form of NO which are generally formed 
at high temperature. The maximum NO x levels are observed with A/F ratios of about 10 percent above 
stoichiometric. Also, NO increases with increasing manifold pressure, engine load and compression ratio. 
This characteristic is different from HC and CO emission which is nearly independent of engine load 
except for idling and deceleration. 


Lead emission: Lead emissions come only from S.i. engines. In the fuel, lead is present as antiknock 
agents in SI Engine. It may not be possible to eliminate lead completely from all petrols immediately 
because a large number of existing engines rely upon the lubrication provided by a lead film to prevent 
rapid wear of exhaust valve seats. 


Mechanism of formation of NOx: 

• NOx includes nitric oxide (NO) and nitrogen dioxide (N0 2 ). 

• In SI engines, the dominant component is NO. 

• It forms as a result of dissociation of molecular nitrogen and oxygen. 

• Since the activation energy of the critical elementary reaction is high, the reaction is very temperature 
dependent. 

• Therefore NO is only formed at high temperature and the reaction rate is relatively slow and becomes 
extremely slow at temperatures below 2000 K. 

• Since the cylinder temperature changes throughout the cycle, the NO reaction rate also changes. 

• Each fluid element burns to its adiabatic flame temperature (AFT) based on its initial temperature, elements 
that burn first near the spark plug achieve a higher temperature. 

• Once the element temperature reaches 2000 K, the reaction rate becomes so slow that the NO concentration 
effectively freezes at a value greater than the equilibrium value. 

Reactions Involved 

N + 0 2 ->2 NO 

N 2 + 2 H 2 0->2 NO + 2 H 2 0 


Mechanism of formation of CO 

• CO is an intermediate product of combustion which remains in the exhaust if oxidation of CO to CO is not 
complete. 

• CO is generally formed when the mixture is rich in fuel and its amount increases as the air-fuel mixture 
becomes more and more rich in fuel. 

• A small amount of CO comes out of the exhaust even when the mixture is lightly lean in fuel, due to the 
fact that equilibrium is not established when the products pass to the exhaust. 

At high temperature developed during combustion, the products formed are unstable and the following 
reactions take place before equilibrium is established. 

2H 2 0 + 0 2 ->2(1 - y)H 2 0 + 2yH 2 + y0 2 

where y is the fraction of H 2 0 dissociated. 

C + 0 2 -> C0 2 -»(1 - x)C0 2 + xCO +|o 2 
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As the products cool down to exhaust temperature, a major part of CO reacts with oxygen to form C0 2 . A 
relatively small amount of CO remains in exhaust, its concentration increasing with rich mixtures. 

Control of emission of oxides of nitrogen: The concentration of oxides of nitrogen in the exhaust is closely 
related to the peak cycle temperature. The following are the three method for reducing peak cycle temperature 

and thereby reducing NO emission. 

1. Exhaust Gas Recirculation (EGR) 

2. Catalyst 

3. Water injection 


1. Exhaust Gas Recirculation: Commonly used method to reduce NOx in petrol as well as diesel engines. 
In SI engines, about 10 percent recirculation reduces NOx emission by 50 percent 

EGR Arrangement: 

EGR works by recirculating a portion of an 
engines exhaust gas back to the engine 
cylinder. This dilutes the 0 2 in the incoming 
air stream and provides gases inert to 
combustion to act as absorbents of 
combustion heat to reduce peak in-cylinder 
temperatures. 

In SI engines, the inert exhaust displaces the 
amount of combustible matter in the cylinder. 

In Cl engine, the exhaust gas replaces 
some of the excess oxygen in the pre¬ 
combustion mixture. 

This results in lower combustion chamber temperature which reduces the amount of NOx generated 
during combustion. ' " 

Gas reintroduced from EGR systems contain near equilibrium concentrations of NOx and CO, the small 
fraction initially within the combustion chamber inhibits the total net production of these. 

In a typical SI engine, 5% to 15% of exhaust gas is routed back to the intake as EGR. A properly 
operating EGR can theoretically increase the efficiency of petrol engines via reduced throttling losses 
reduced heat injection and reduced chemical dissociation. 

In diesel engines, the lower oxygen exhaust gas into the intake, makes combustion less efficient 
compromising economy and power. 

In general, the poor combustion directly increases HC emission and calls for mixture enrichment to 
restore combustion regularity which a further indirect increase of both HC and CO. 

2. Catalyst: Emission control catalysts enlisted below are being used to reduce NOx emission 

(a) Lean NOx catalyst: does selective catalytic reduction by hydrocarbons (HC-SCR) which taraet 
CO and HC in addition to NOx. 

(b) NOx absorber catalyst: absorbs (traps) NOx from lean exhaust, followed by release and catalytic 
reduction under rich conditions. It is commercially used on lean burn petrol engines and some light- 
duty diesel engines. 

(c) SCR catalyst: selective catalytic reduction of NOx takes place by ammonia governed by the following 
reactions. 

Hydrolysis of urea is carried out at first on a catalyst on board of the vehicle to produce ammonia and 
carbon dioxide. 




C0 2 + 2 NH 3 
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Ammonia then, reacts on the SCR catalyst with the NOx and converts it to nitrogen. 
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4 NO + 4NH, +0- 


►4 No +6 HoO 


6N0 2 + 8 NH 3 ->7N 2 + 12H 2 0 

Q.26 Justify in brief, the following statements: 

rt wr advanoir| g the spark timing, the possibility to knock in a S.l. engine increases. 

!! illans line method for estimating frictional power can be used only in case of unthrottled engines. 
111 Exhaust hydrocarbon emissions increase with increase in surface to volume ratio of an engine, 
iv) Carbon monoxide emissions are low for fuel lean mixtures. 

[CSE (Mains) 2005 : 20 Marks] 


Solution: 

(i) 


(iii) 


Timing advance refers to the number of degrees before top dead center (TDC) that the spark will ignite 
the air-fuel mixture in the combustion chamber during the compression stroke. 

Timing advance is required because it takes time to burn the air-fuel mixture. Igniting the mixture before 
the piston reaches TDC will allow the mixture to fully burn soon after the piston reaches TDC. If the air-fuel 
mixture is ignited at the correct time, maximum pressure in the cylinder will occur sometime after the 
piston reaches TDC allowing the ignited mixture to push the piston down the cylinder with the greatest 
force. Ideally, the time at which the mixture should be fully burnt is about 20 degrees at TDC. This will 
maximize the engine's power producing potential, If the ignition spark occurs at a position that is too 
advanced relative to piston position, the rapidly expanding air-fuel mixture can actually push against the 
piston still moving up, causing knocking (pinging) and possible engine damage. However, if the spark 
occurs too retarded relative to the piston position, maximum cylinder pressure will occur after the piston 
is already traveling too far down the cylinder. This might reduce the knocking tendency but results in 
brake power losses, overheating tendencies, high emissions, and unburned fuel. 

Willans line method is used only in case of unthrottled engine because of the following reason • The 
Willans line is plotted for fuel consumption versus load (from no load to full load) at constant speed The 
intersection of this line on the negative side of X-axis gives the friction power of the engine at that speed 

The friction power (F.P.) is assumed constant from no load to full load at that constant speed The FP 
includes mechanical friction and pumping power. H 

For a throttled engine if such a trial is carried out, the throttle 
position has to be varied from almost closed at no load to full 
open at maximum load, to keep the engine speed constant. 

Therefore the pumping load will be bigger at no load, and 
reduce gradually as the load is increased. As a result, the 
pumping power and FP will not remain constant as in the 
assumption in Willans line method. 

The emission amount of HC (due to incomplete combustion) 
is closely related to design variables, operating variables and 
engine conditions. The surface to volume ratio(SA/) greatly 
affects the HC emission. 

High surface to volume ratio results from a high compression ratio combustion chamber which also 
results in lower exhaust gas temperatures. Higher the S/V ratio, higher the HC emission irrespective of 
whether mixture is rich or lean. ' ^ 
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When the mixture supplied is lean or rich, the Air/Fuel Ratio 

volume of flame quenching regions increases and 20 17 15 14 13 12 

the flame propagation becomes weak which in 
turn causes incomplete combustion, thus 2 
resulting in higher HC emissions. The problem is ^ 
further enhanced as due to lower exhaust gas | 5000 
temperatures oxidation of the unburned HC is 1 
reduced during exhaust process. These factors § 4000 
result in an increase in HC emissions with ^ 

increase in surface to volume ratio of an engine. § 3000 

(iv) CO results from incomplete oxidation of fuel | 
carbon when insufficient oxygen is available to o 2000 
completely oxidize the fuel. CO rises steeply as g 
the air-fuel (A/F) ratio is decreased below the 1000 
stoichiometric A/F ratio as the availability of 0 

oxygen required to convert CO to C0 2 decreases. 0.7 0.8 0.9 1.0 1.1 1.2 1.3 

Air-fuel ratio is one of the most important parameter Fuel/air equivalence ratio 

that affects the engine exhaust emissions. 

The SI engine is operated close to stoichiometric air-fuel ratio as it provides a smooth engine operation. 
Carbon monoxide and HC emissions reduce with increase in the air-fuel ratio as more oxygen gets available 
for combustion. Lean engine operation to a certain critical value of air-fuel ratio tend to reduce all the three 
pollutants. Further leaning of mixture results in poor quality of combustion and eventually in engine misfiring 
causing an erratic engine operation and sharp increase in HC emissions. Generally an engine is operated 
on lean mixtures that would give low CO and HC, and moderate NOx emissions, The variation in emissions 
with air-fuel ratio for premixed charge SI engines is shown in above figure. 



Q.27 Explain the necessary modifications that have to be made to convert a bus running on diesel fuel to 
Compressed Natural Gas (CNG). 

[CSE (Mains) 2005 : 20 Marks] 

Solution: 

Diesel to natural gas conversion requires careful engineering on the base engine modifications as well as the 
control system. Following is an overview of modifications required for a successful conversion: 

Compression Ratio: A typical diesel engine has a compression ratio between 16 and 18. CNG usually works 
best between 10 and 12; so new or modified pistons are required, with an appropriately shaped combustion 
chamber to allow proper air-fuel mixing. 

Spark Plugs: Diesel engines have diesel fuel injectors instead of spark plugs. A diesel conversion replaces 
the injector with a spark plug and may also require an insert to go through the valve cover - depending on the 
engine. Spark plug wear is a common problem, and the high compression ratio and use of gaseous fuel 
requires higher spark voltage than a petrol car. 

Valves: Natural Gas is a dry fuel so valve seats in a converted engine need to be hardened to prevent 
abnormal wear. Older engines need valve guide seals to prevent engine vacuum from drawing oil into the 
combustion chamber. 

Thermal Issues: Spark ignited engines run hotter than diesels. Such engines may require upgraded thermal 
management components, including larger oil coolers, larger radiators, and heat shields around exhaust 
components. 

Catalytic Converter: A catalyst will generally be required to meet emission regulations. The exception is 
loan-burn engines, which, if carefully engineered, can meet certain emissions targets without a converter. 
Engine Management System: The choice of system will depend on the exhaust emissions requirements, 
efficiency targets, durability expectations, technology level of the vehicle and peripheral device control 
requirements such as cruise control, power take-off, automatic transmissions etc. 
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Q.28 List the advantages and disadvantages of hydrogen as an alternative 1C engine fuel. Explain tw 0 
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methods by which hydrogen can be used in Cl engine. 


[CSE (Mains) 2008: 10 Mark 


Solution: 

In recent years, the concern for cleaner air, along with stricter air pollution regulation and the desire to redu Ce 
the dependency on fossil fuels have rekindled the interest in hydrogen as a vehicular fuel. 

The properties that contribute to its use as a combustible fuel are its: 

• wide range of flammability 

• low ignition energy 

• small quenching distance 

• high auto ignition temperature 

• high flame speed at stoichiometric ratios 

• high diffusivity or very low density. 


Advantages: 

• Hydrogen -air mixture burns nearly 10 times faster than gasoline -air mixture. 

• It has high self -ignition temperature but requires very little energy to ignite it. 

• Hydrogen octane rating is 106 RON making it very suitable for spark-ignited engines. 

The laminar flame speed of hydrogen is 3 m/s, about 10 times that of gasoline and methane. 

• Hydrogen on combustion produces water and there are no emissions of carbon containing pollutants 
such as HC, CO and C0 2 and air toxics. Trace amounts of HC, CO and C0 2 may be emitted as a result of 
combustion of lubricating oil leaking into engine cylinder. 

• Hydrogen fuelled engines produces almost no C0 2 and its global warming potential is insignificant. 

• It is an efficient fuel as there are no throttling losses associated. 


Disadvantages: 

1. Pre-Ignition Problems: The primary problem in the development of operational hydrogen engines is 
premature ignition. Premature ignition is a much greater problem in hydrogen fueled engines than in other 

1C engines, because of Hydrogen's lower ignition energy, Wider flammability range Shorter quenching 
distance. 

Premature ignition occurs when the fuel mixture in the combustion chamber becomes ignited before 
ignition by the spark plug, and results in an inefficient, rough running engine. Backfire conditions can also 
develop if the premature ignition occurs near the fuel intake valve and the resultant flame travels back into 
the induction system. Pre-ignition in hydrogen engines may be caused due to the following reasons 

(a) hot spots in the combustion chamber, such as on a spark plug or exhaust valve or on carbon 
deposits. 

(b) Backfire when there is overlap between the openings of the intake and exhaust valves 

(c) Pyrolysis (chemical decomposition brought about by heat) of oil suspended in the combustion chamber 
or in the crevices just above the top piston ring. 

2. Its adiabatic flame temperature is higher by about 110» C compared to gasoline. If inducted along with 
intake air, the volume of hydrogen is nearly 30% of the stoichiometric mixture decreasing maximum 
engine power 

3 NOx is the only pollutant of concern from hydrogen engines. Very low NOx emissions can be obtained 
with extremely lean engine operation (f < 0.05) and/or injection of water into intake manifold or exhaust 
gas recirculation which in this case consists primarily of water vapours 
4. Problems of fuel handling and storage. 
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Methods by which hydrogen can be used in Cl engines are as follows: 

1 . Direct injection: The direct injection of hydrogen constitutes a very promising method of hydrogen use in 
Cl engines. The method can be divided into two different concepts: 

• Method using moderate hydrogen pressures 

• Method using high hydrogen pressures 

In both methods, the injection takes place only when the cylinder valves are closed. In the first mode, the 
fuel is injected at low pressure early in the compression process and ignition takes place only when the 
final temperature of compression is reached, making the ignition angle slightly erratic and difficult to 
control. With the high pressure direct injection method, hydrogen is injected only when the final compression 

temperature is above the self-ignition temperature of the hydrogen charge. (Similarly as in a standard 
diesel engine.) 

2. Homogeneous Charge Compression Ignition (HCCI): Hydrogen HCCI can be achieved using a high 
compression ratio diesel engine, typically above 20:1. With such a high compression ratio, the final 
temperature of compression will be sufficiently high to ignite the cylinder charge. This method typically 
uses timed injection of hydrogen at a low pressure in the engine inlet manifold. Hydrogen is injected only 
during the engine induction stroke, while the exhaust valve is already closed. This method has interesting 
characteristics, including a potential for high engine thermal efficiency and extremely low exhaust gas 
emissions. There are, however, some problems which need to be solved, such as engine load and speed 
control, mechanical component loading, and also the possibility of air manifold explosions. 

Q.29 What are the main pollutants emitted by petrol and diesel engine? Discuss their effect on human and 
biological life. 


Solution: 

Principal Engine Emissions 

a. exhaust emissions 


[CSE (Mains) 2011 : 20 Marks] 


b. non-exhaust emissions 


Exhaust emissions: 

SI engines : CO, HC and NOx Cl engines; CO. HC, NOx and PM 

CO = Carbon monoxide, HC = Unburned hydrocarbons. 

NOx = Nitrogen oxides mainly mixture of NO and NO.,, 

PM = Particulate matter 
Other engine emissions include 

1. Aldehydes such as formaldehyde 2. Acetaldehyde primarily from the alcohol fuelled engines 
3. Benzene 4. polyaromatic hydrocarbons (PAH). 

Non-exhaust emissions : Unburnt hydrocarbon from fuel tank and crankcase blowby 

Hydrocarbon emissions: they may be saturated hydrocarbons or unsaturated ones wnich form aldehydes and 

ketones upon atmospheric reactions. Following are some of the causes of hydrocarbon emission 

1. Incomplete combustion. 2. Crevice volume and flow in crevices 

3. Leakage past exhaust valve 4. Deposition on wall 

5 Oil on combustion chamber walls. 


Carbon monoxide emissions: It is a colorless, odourless but poisonous gas which is generated in an engine 
when it is operated with a fuel-rich equivalence ratio. Due to insufficient oxygen, incomplete combustion taK.es 
Place and CO is formed. It is an undesirable emission which also ieads to loss of chemical energy Typ.cal 
exhaust of SI engine has 0.2 to 5% CO. 

Oxides of Nitrogen: Exhaust gases of an engine can have up to 2000 ppm of oxides of nitrogen, most of 
which is nitrogen oxide (NO), with small amounts of Nitrogen dioxide(N0 2 ) and traces of other nitrogen-oxyaen 

combinations. 
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It is created mostly from N 2 in the air but can also be found in fuel blends. 

High combustion temperature favours the formation of NO x .It also depends upon pressure and air-fuel ratio. 
Maximum NO x is formed at an equivalence ratio of 0.95. 

In SI engine highest concentration of NO x is near the spark plug . 

Cl engines have higher compression ratios and higher temperature and pressures, which tends to generate 
higher levels of NO x . 

Particulates:These are solid carbon soot particles which are generated in the fuel-rich zones within the cylinder 
during combustion in Cl engines. 

Maximum emission takes place when the engine is under load, and maximum fuel is injected to supply 
maximum power resulting in rich mixture and poor economy. 

Nearly 25% of the carbon in soot comes from vaporisinq lubricating oil components which react durinq 
combustion. 

0.2 to 0.5 % carbon comes from the fuel 

Particulate generation can be reduced by engine design and control of operating conditions. 

Aldehydes: A product of incomplete combustion formed generally when alcohol fuel is used. 

Sulphur: many fuels used in Cl engines contain small amounts of sulphur. They are exhausted in the form of 
S0 2 andS0 3 (SO x ). 

Unleaded gasoline contains 150-550 ppm by weight of sulphur while diesel fuels may contain 5500 ppm by 
weight. 

Formaldehyde: Forms Carbon monoxide, hydroperoxyl radicals upon atmospheric reactions 
Effect of emissions on human and biological life: 


Emission component 

Biological Impact 

Carbon Monoxide 

• Highly toxic to humans; blocks oxygen intake. 

Nitrogen Oxides 

• Nitrogen dioxide is a respiratory tract irritant and major ozone precursor. 

• Nitric acid contributes to acid rain 

Sulfur dioxide 

• Respiratory tract irritation. 

• Contributor to acid rain. 

Carbon dioxide 

• Major contributor to global warming 

Saturated hydrocarbons 
(Alkanes, < Cl 9) 

• Respiratory tract irritation. 

• Reaction products are ozone precursors (in the presence of NOx). 

Unsaturated hydrocarbons 
(Alkenes < C5) 

• Respiratory tract irritation. 

• Some alkenes are mutagenic and carcinogenic. 

• Reaction products are ozone precursors (in the presence of NOx) 

Formaldehyde 

• Formaldehyde is a probable human carcinogen and an ozone precursor 
(in the presence of NOx). K 

Higher aldehydes (e.g., acrolein) 

• It causes respiratory human tract and eye imitation. 

• It causes plant damage. 

Monocylic aromatic compounds 
(e.g. benzene, toluenece) 

• Benzene is toxic and carcinogenic in humans. 

• Some reaction products are mutagenic in bacteria (Ames assay) 

PAHs (< 5 rings) (e.g. phenanthrene, 
fluoranthene) 

• Some of these PAHs and mtro-PAHs are known mutagens and carcinogens. 

Elemental carbon 

• The Nuclei of organisms absorb organic compounds; 

• Its size permits transport deep into the lungs (alveoli). 

Inorganic sulphates 

• Respiratory tract imitation 

PAHs (4 rings and more) 

(e.g., pyrene, benzo(a)pyrene) 

• Larger PAHs are major contnbutors of carcinogens in combustion emissions. 

• Many nitro-PAHs are potent mutagens and carcinogens. 

PAHs (3 rings and more) 

(e.g., nitropyrenes) 

• Many nitro-PAHs are potent mutagens and carcinogens. 

• Some reaction products are mutagenic in bacteria 
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q. 30 What do you understand by catalytic converter? Explain the principle and the working of 3-way catalytic 
converter. 


[CSE (Mains) 2011 : 20 Marks] 


Solution: 

Catalytic converter is an after treatment for reducing engine emissions, found on most automobiles and other 
modern engines of medium or large size. 

Principle and working of 3-way catalytic converters: A catalyst is a substance that accelerates a chemical 
r eaciion by lowering the energy needed for it to proceed. Catalytic converters are chambers mounted in the 
cvv system through which exhaust gases pass through. These chambers contain catalytic material, which 
promotes the oxidation of the emissions contained in the exhaust flow. 


They are called three-way converters because they are used to reduce the concentration of CO, HC and NO x 
m the exhaust. It is usually a container made of stainless steel mounted along the exhaust pipe of the engine. 
The contair <er contains a porous ceramic structure through which the exhaust gas flow. 

The ceramic structure is generally of 2 types: 

(a) A single honeycomb structure with many flow passages, used commonly. 

(b) A loose granular ceramic with the gas passing between the packed spheres. 

The surface of the ceramic passages contains small embedded particles of catalytic material that promote the 
oxidation reactions in the exhaust gas as it passes. 

Aluminium oxide (Alumina) is the base ceramic material used for most catalytic converters because of certain 
:avourable properties like ability to withstand high temperature, chemically neutral, low thermal expansion etc. 
Platinum-promotes oxidation of HC 


Palladium-promotes oxidation of CO 
Rhodium-promotes reduction of NOx, 

C0 + -0 2 — Pa " adium > COo 
2 2 

NO + CO->-N ? + COo 

2 2 2 


CJHy + z0 2 - Platinum ) x C0 2 + H 2 0 
(Z = A, + 0.25 y) 

2NO + 5CO + 3H 2 0->2NH 3 +5C0 2 


2NO + CO-» N 2 0 + C0 2 

NO + H 2 ->1n 2 + H 2 0 

Cerium oxide is used to promote the 


2NO + 5 H 2 ->2 NH 3 + 2 H 2 0 

2NO + H 2 ->N 2 0 + H 2 0 

water gas shift as shown by the reaction: 


C0 + H 2 0- > C0 2 + H 2 

This reduces CO by using water vapour as an oxidant instead of 0 2 , which is important when engine is running rich 
The efficiency of catalytic convertor depends (a) on equivalence ratio (b) temperature. 

Optimum engine temperature is important to avoid engine malfunctions and overheating of converters 
Effective control of HC and CO occurs with stoichiometric or lean mixtures while control of NOx requires near 
stoichiometric conditions. 

,m purities present in fuel, lubricating oil and air and use of leaded gasoline can poison the catalyst material 
^akes it ineffective. 

Q-31 What are the measures required for the reduction of the following emissions from diesel engine? 

^ Par ticulate Emission (ii) Smoke Emission 

(iii) NO x Emissions (iv) HC Emissions 

(v) SO^ Emissions 


[CSE (Mains) 2012 : 10 Marks] 
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(i) Particulate Emission: Soot or smoke made up of particles in micrometer size range are formed due to 
improper combustion and are mainly in highly rich AFM condition, which can be reduced by using exhau$ t 
gas recirculation by making proper combustion. 

(ii) Smoke Emission: Smoke emission can be reduced by using Diesel Particular Filter (DPF), which i s a 
device that traps the exhaust smoke particles by means of physical filtration. 

(m) NOx Emission: ‘NOx’ formation are mainly due to the high combustion temperature which enabled the 
reaction between N 2 and ‘0 2 ’ at slightly leaner mixture. It can be reduced by using. 

I > Exhaust gas recirculation. 

II > Water injection and water emulsion which also reduces the temperature of combustion. 

HI > Use of catalytic convertor that may reduces the NOx formation by reducing it to ‘N 2 ’ gas. 

(iv) HC Emissions: It is due to improper combustion, which can reduced by using catalytic convertor by 
proceeding to oxidation reaction and also by the use of thermal convertors. 

(v) SOx Emissions: SOx are formed due to presence of sulphur in fuel and it can be reduced by the use of 
water, separate SOx from exhaust gas and also by fuel additive like penta-ethyle Napthalene. 


4.* Performance and Testing of I.C.* Engines 



Q.32 A four cylinder engine of a truck has been converted to run on propane fuel. A dry analysis of the 
engine exhaust gives the following volumetric percentages: 

C0 2 - 4.90; CO - 9.79 and 0 2 - 2.45. 

Calculate the equivalence ratio at which the engine is operating. 


Solution: 

Stoichiometric Reaction 


C 3 /-/ 8 + 5 |o 2 +-^ A/ 2 1- 


Oxid n 


79 


Comtf 


->4 H 2 0 + 3C0 2 + 5x— xNo 
21 2 


[CSE (Mains) 2001 : 30 Marks] 


! 


(FAR) 


stoichiometric 


3x12+8x1 

5 x { 1 + fj } x29 


0.0637 


C.C 3 H 3 + a jo 2 +-pyx/V 2 ►- >bH 2 0 + 4.9C0 2 + 9.79C0 + 0 2 2.45 + A / 2 x 82.86 

Balancing N 2 : -> 

79 

ax— = 

21 

Balancing 0 2 : -» 

b + 4.9 x 2 + 9.79 + 2.45 x 2 = 

=> & ~ 

Balancing H 2 : -> 8 x c = 

Divide moles by C= 4.8905 

C 3 H 8 + 4.51 0 2 + ^xN 2 -> 4F/ 2 0 + C0 2 + 2 CO + |o 2 +1 7N 2 


82.86 => a = 22.026 

22.026 x 2 
19.562 

b x 2 => c = 4.8905 




! 
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(FAR) 


3x12 + 8x1 


actual 


45 x 


{- 3 } 


= 0.0708 


x29 


^ ^J^ffiactual _ i 111 
^ ” (FAR) 1-111 

v ™ '/stoichiometric 

Q.33 A six cylinder, four stroke petrol engine with a bore of 120 mm and stroke of 180 mm under test, is 
supplied with petrol of composition: C = 82% and H 2 = 18% by mass. The Orsat gas analysis indicated 
that C0 2 = 12%, 0 2 = 4% and N 2 = 84% by volume. Determine 
(i) that air-fuel ratio and (ij) the percentage of excess air 

Also calculate the volumetric efficiency of engine based on intake conditions when the mass flow rate 
of petrol is 32 kg/min at 1600 RPM. Intake conditions are 1 bar and 17°C. Consider the density of petrol 

vapour to be 3.5 times that of air at same temperature and pressure. Air contains 23% oxygen by 
mass. 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 

Given: No. of cylinders, k= 6 , 4-stroke (petrol engine), Bore,D = 120 mm = 0.12 m, Stroke, L= 180 mm = 0 18 m 
Speed, N = 1600 rpm 

Swept volume, V s = ^D 2 xLx-^—xk = 0.1628 m 3 /s 


60x2 



Petrol Compositon 

-—---- 

Element 

Percentage composition 

Mass 

Element Quantity 

Element composition 

C 

82% 

12 

0.82 x 12 = 9.84 

9.84/9.84 = 1 

h 2 

18% 

2 

0.36 

0.36/9.84 = 0.0366 


kC + z x 0.0366 H 2 + x 


r' 7Q \ 

0 2 + — x N 2 

79 


y- H 2 0 + 12C0 2 + 84N 2 + 40 2 


*x— = 84 =>* = 22.329 
2x = y+12x2 + 4x2 

=* y = 12.658 

2 y = z x 0.0366 => z = 691.694 
k= 12 

( 7Q \ 

C + 2.1 H 2 + 1 .86 I 0 2 + x N 2 —> 1.05H 2 + C0 2 + 7N 2 + 0.33O 2 


Determining Stoichiometric 


AFR = 


1.86x 

( 7Q\ 

1 + x29 


21. 


C + o 9 - 

12 k 9 32 kg 


->C0 2 

44 kg 


12 + 2 . 1 x 2 


32 


= 15.855 


1 kg of C-kg of 0 2 


for 1 kg of fuel _^ ^|x0.82 = 2.187 kg of 0 2 


2 H k 2 0 4 Oj — >h 2 ° 

16 kg 18 k 9 


1 kg of H~ 


+ 8 kg of 0 2 
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For 1 kg of fuel - > 8 x 0.18 = 1.44 kg of 0 2 

Total 0 2 required for 1 kg of fuel = 3.627 kg of 0 2 

Total air required/kg of fuel = = 15.769 

0.23 

Percentage of excess air = 15 ' 855 ~ 15 -—x 100 = 0 - 55 % 

15.769 


Solved Pape rs 


APR _ ^ = 15.855 => m a = 507.36 kg/h 
m f 

py a = m a RTi => V a = 0.1173 m 3 /s 

Volumetric efficiency = r| vol = ^x100 = 72.02 % 

Q.34 An eight cylinder automobile engine of 80 mm diameter and 90 mm stroke with a compression ratio of 
7, is tested at 4000 RPM on a dynamometer of 600 mm arm length. During a ten minutes test period at 
a dynamometer scale reading of 450 N, 4.8 kg of gasoline having a calorific value of 45000 kj/kg was 
burnt and air at 27°C and 1.0 bar was supplied to the carburettor at the rate of 6.6 kg/min. Find 
(i) the brake power delivered, (ii) the brake mean effective pressure, 

(iii) the brake specific fuel consumption, (iv) brake thermal efficiency, 

(v) the volumetric efficiency and (vi) the air-fuel ratio. 


[CSE (Mains) 2003 : 40 Marks] 


Solution: 


Number of cylinders, k = 8 , Diameter of cylinder, D = 80 mm = 0.08 m, Stroke length, L = 90 mm = 0.09 m 
Compression Ratio, r = 7, Speed, N= 4000 rpm, Swept volume, V =1 


'Z&.lJL-xk' 

4 2x60 


14 = 0.12064 m 3 /s 


Dynamometer Test (t = 10 min): Dynamometer arm length = r d = 600 mm = 0.6 m 

Load, F b = 450 N 

=> Braking Torque, x b = F b r d = 270 N-m 

_. . . rr?# 4.8 

Mass flow rate of fuel, m, = — L =-= 0.008 kq/s 

t 10x60 

Calorific value of fuel, (CV) f = 45,000 kj/kg 
Rate of Heat Addition, H.A./sec = (m f )x(CV) f = 360 kW 
Initial conditions: 

Inlet temperature, 7 ' 1 = 27°C = 300 K 
Inlet pressure, P 1 = 1 bar = 100 kPa 

Rate of air supply = m a = 6.6 kg/min = 0.11 kg/s. 


(i) Brake power delivered = B.P. = T b xo ) = T b x?^- = J \ 13.097 kW 

bO 

(ii) Brake mean effective pressure (bmep) 

V s xbmep = B.P. 

R P 

=^- = 937.5 kPa = 9.375 bar 
V s 


bmep = 
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(iii) Brake specific consumption (bsfc) 

The mass flow rate of fuel required to deliver unit brake power. 


bsfc = ~~ = 0.2546 kg/kWhr 
BP 

(iv) Brake thermal efficiency (t| sr ) 

Brake Power 

1,07 " Rate of Heat Addition 


(v) Volumetric efficiency (rj vol ) 


Actual volume _ V a 
^vo! _ Swept volume l/ s 

v = 1 =0.09471 m 3 /s 

a p, 

Tl vol = 0.7851 =78.51% 


BP 

HA^= 031416 = 31-416% 


(vi) Air fuel ratio (AFR) 


AFR 




= 13.75:1 


Q.35 An I.C. engine fuel has the following composition: 

C = 89%, H 2 = 5%, 0 2 = 4% and rest N 2 . 

Determine the chemically correct air-fuel ratio. If 40% excess air is supplied, find the percentage of 
dry products of combustion by volume. 


[CSE (Mains) 2005 : 20 Marks] 


Solution: 

Fuel composition: C = 89%, H 2 = 5%, 0 2 = 4%, N 2 = (100 - 89 - 5 - 4)% = 2% 
Oxygen required for burning of carbon, hydrogen only, 

Basis: 1 kg of fuel burned. 


C:+ Oo — 

->COp 

32 , 

12 32 

44 kg 

C: 0.89 x — kg = 2.373 kg of 0 2 

^2 + ~0 2 - 

— >h 2 o 

16 

2 kg 2 

16 kg 

18 kg 

H : 0.05 x — - 0.04 = 0.36 kg of 0 ; 


Note: 1 kg of H 2 consumes 8 kg of 0 2 and 0.04 kg of 0 2 present initially in fuel. 

Total ‘0 2 ’ required => 2.373 + 0.36 = 2.733 kg 

General formula, 0 2 required = 2.667 x C + (H x 8 - 0) + 5 kg 

Air - 77% of N 2 and 23% of 0 2 (mass basis) 

N 2 required = 2.733 x = 9.1496 kg 

i e. Stoichiometric air to fuel ratio is: (9.149 + 2.733) = 11.883 : 1 

Q-36 Explain the effect of the following factors on the performance of an SI engine: 
(i) spark timing (ii) engine speed 

(iii) mass of inducted charge (iv) heat losses 


Elution: 


[CSE (Mains) 2008 : 20 Marks] 


ln Si engine, combustion which is initiated between the spark plug electrodes spreads across the combustible 
m,xture - A definite flame front which separates the fresh mixture from the products of combustion travels from 
the s P ar k plug to the other end of the combustion chamber. Heat-release due to combustion increases the 
temperature and pressure of the burned part of the mixture above those of unburned mixture. To effect pressure 
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equalization, burned part of the mixture expands and compresses the unburned mixture adiabatically increas 
its pressure and temperature. If the temperature exceeds the self-ignition temperature of the fuel and rem a ,^ 
above it during ignition lag, auto-ignition occurs at various pin-point locations. This phenomenon is caii ea 
knocking which may lead to engine failure. The following factors directly affect knocking tendency and hen 
performance of the engine: e 

(a) Spark timing: By retarding the spark timing from the optimized timing i.e. having the spark closes to 
TDC, the peak pressures are reached further down on the power stroke and are thus of lower magnitude 
This might reduce knocking and may bear effect on brake torque and power output of the engine. 
Engine Speed: An increase in engine speed increases the turbulence of the mixture considerably resulting 
in increased fiame speed and reduces the time available for pre flame reactions. Hence knocking tendency 
is reduced improving engine efficiency. 

Mass of Inducted charge: A reduction in the mass of the inducted charge into the cylinder of an engine 
by throttling or by reducing the amount of supercharging reduces both temperature and density of the 
charge at the time of ignition. This decreases the tendency of knocking. 

Heat Losses: Heat transfer in the inlet decreases volumetric efficiency. In the cylinder, heat losses to the 
wall is a loss of availability. Heat transfer also influences inlet mixture temperature, chamber, cylinder 
head, linear, piston and valve temperatures and therefore end-gas temperatures which affect knock. Heat 
transfer also affects build-up of in-cylinder deposit which affects knock. 


(b) 


(c) 


(d) 


Q.37 The following set of observations refer to a trial on a Single-cylinder, Four-stroke, Solid injection diesel 
engine of 200 mm bore and 400 mm stroke: 

Gross mean effective pressure = 6.2 bar Pumping mean effective pressure = 0.44 bar 
Speed of the engine = 262 rpm Brake torque = 668 N-m 

Fuel supply rate = 4.5 kg/hr Calorific value of the fuel = 52,000 kJ/kg 

Cooling water flow rate = 6 kg/min Cooling water temperature gain = 47°C 

Calculate the Indicated Power, Brake Power and Mechanical efficiency of the engine. 

Draw up a heat balance sheet for the trial expressing various quantities in kJ/min, if the fuel contains 
13.5% H 2 (by mass) and air supply to the engine is 2.71 kg/min at 17°C. The exhaust gases leave the 
engine at 400°C. The following data may be used: 

Mean specific heat of exhaust gases = 1 kJ/kgK 

Specific heat of steam = 2.1 kJ/kgK Latent heat of steam = 2250 kJ/kg 
Estimate the heat carried away by steam in exhaust gases. 


[CSE (Mains) 2008 : 50 Marks] 


Solution: 


No. of cylinder, k = 1, 4-Stroke (Diesel engine), Bore, D = 200 mm, Stroke, L = 400 mm, Speed, N= 262 rpm 


71 D 


N 


Rate of volume swept = V s = —— xLxkx^—^ = 0.0274 m 3 /sec 


Gross mean effective pressure, P ig = 6.2 bar 
Pumping mean effective pressure, P pg = 0.44 bar 
Indicated mean effective pressure, P im = P ig -P pg = 5.76 bar 

Indicated Power, \P = P jm xV s = 15.7824 kW 


Brake Power, BP 

Fuel flow rate.m, 
Calorific value of fuel, ( CV) f 


T b x o) = 668x 


2nN 

60 


= 18.327 kW 


4.5 kg/hr 

52,000 kJ/kg -> Heat Addition Rate, HA/sec = 65 kW = r*v xC^ 
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() ) Heat taken by cooling water jacket. 

Q aj = m c x C p iv x (AT) IVJ = 6 x 4.187 x 47 = 1180.734 kj/min 


rh a =2.71 kg/mm 


Exhaust gases flow rate. m exh = m a +rh f =2.71 + — = 2.785 kg/min 

60 

H 2 + t 0 2 -> H 2 0 => 1 kg of H ? produced 9 kg of HJD 

U9 8kg 9k 9 

Mass of H O produced/kg of fuel = 9x^^ = 1.215 kq 

100 y 

Mass of H 2 0 (steam) per min = 1.215xrh f =0.09125 kg/min 

Mass of dry exhaust gas/min = mass of wet exhaust/min - mass of steam/min = 2.6939 kg/min 
(ii) Heat lost to dry exhaust gas/min (Q e * dry ) 

= 2.6939 X 1 X (400-17) = 1031.754 kj/min 

- m exh, dry x Cp, exh x 0~ex ~ ^room ) 

=> Assuming steam in exhaust is superheated steam at atmospheric pressure, P gtm = 1.01325 bar and 
exhaust gas temperature. 

Enthalpy of exhaust steam h=h+ (LH) + h 

s w ' ' sup 

h s = c p, IV x (100 - 17) + 2250 + Cp steam X (400 - 100) 
h s - 3227.521 kJ/kg 

(III) Heat lost to steam/min (O ex wet ) = (mass of steam/min) x h s = 294.108 kj/min 

(IV) Heat lost to radiation, errors, (Unaccounted Heat Loss) 

ha rap. a a a 1 
~ min Lmin + ^ J+Qex ' dry+Qex wet 

= 3900-[1099.62+ 1180.734+ 1031.754 + 294.108] 

= 293.784 kJ/min 

Note: As, IP. is obtained during the trial is less than B P. of the engine, which is dynamically impossible; 
hence, there is an error in observation for indicated mean effective pressure measurement. 

Note: HA/min kJ/min: 3900 kJ/min 
Processes 

(i) Heat lost cooling jacket, 0^ 1180.734 kJ/min; percentage contribution -> 30.27% 

(ii) Heat loss to dry exh., Q e x,dry -* 1031.754 kj/min; percentage contribution -+ 26.45% 

('") Hea * lost to steam, Q steam = 294.108 kj/min; percentage contribution 7.54% 

('v) Unaccounted heat loss, Q UN = 293.784 kj/min; percentage contribution -> 7.53% 

^•38 During a test on a two stroke engine on full load, the following observations were recorded- 

Speed = 350 rpm Net brake load = 590 N 

^ ean effective pressure = 2.8 bar Fuel oil consumption = 4.3 kg/h 

ooling water required = 500 kg/h Rise in cooling water temperature = 25°C 

lr used per kg of fuel = 33 kg Room temperature = 25°C 

haust gas temperature = 400°C Cylinder diameter = 220 mm 
^/oke ' en 9th = 280 mm Effective brake diameter = 1 m 

°f * ue ' oil = 43900 kJ/kg Proportion of hydrogen in fuel = 15% 
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Mean specific heat of exhaust gases =1.0 kJ/kg-K 
Specific heat of steam = 2.09 kJ/kg-K 
Calculate the following: 

(i) Indicated power 

(ii) Brake power 

(iii) Draw heat balance sheet on the basis of kJ/min. 


Solution: 


‘Pievioiu 

So| ved P apers 


[CSE (Mains) 2010 : 20 Marks] 


Given: 2-stroke engine, Speed, N = 350 rpm, Brake load, F b = 590 N, Indicated mean effective process, 
p im = 28 bar, Fuel flow rate, m f =4.3 kg/hr, Calorific value of fuel (CV),= 43900 kJ/kg, HA/sec= m f X{CV), 
= 52.436 kW, Bore, D = 220 mm, Stroke, L = 280 mm = 0.28 m 


V s = ~D 2 x Lx kx-^. = 0.0621 (m 3 /sec) 
Effective brake radius, r w = 0.5 m 


Indicated Power, I.P. = P jm x U s = 17.385 kW 

(2nN 
60 


Brake power, BP. = i b x co = (F b x r d ) x 
1. Heat taken by cooling water jacket, 


= 10.812 kW 


Qc 

Air flow rate, m a 
Exhaust gas flow rate, m exhaust 


m w xC P w x(T 0 -7]) = —-x4.187x25 = 872.291 kJ/min 

60 

33 x rh f =141.9 kg/hr 
m a +rh f =146.2 kg/hr 


H 2 + ^o 2 -> H 2 0 

1 kg 8 kg = 9 Kg 


1 kg of H 2 produces 9 kg of H 2 0. 

Mass of H 2 0 produced/kg of fuel = 9 x 0.15 = 1.35 kg 

Mass of H 2 0(steam) per min = 1.35 x m f = 0.09675 kg/min 

Mass of dry exhaust gas/min = mass of wet exhaust/min - mass of steam in wet/min 

= —0.09675 = 2.3399 kg/min 

2. Heat lost to dry exhaust gas/min = (mass of dry exhaust) xC p x(T -T \ 

= 2.3399 x 1 x (400 - 25) = 877.469 kJ/min 

Assuming steam in exhaust is superheated steam at atmospheric pressure (P = -\ 01325 bar) and at 
exhaust gas temperature 

h = h w + (LH) + h sup 

h= C p, w x (100 - 25) + 2250 + C p steam x (400 - 100) 
h = 3191.025 kJ/kg 

3. Heat lost to steam/min = (mass of steam/min) x (enthalpy of 1 kg of steam) 

= 308.732 kg/min 

4. Heat lost due to radiation, errors (Unaccounted heat loss) 

= 52.436 x 60-[8.P. + O w , + Q Mxlry + Q e<ra ,] 

= 438.948 kJ/min. 
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Heat Balance Sheet: Heat Supplied by oil 3146.16 kj/min kW 
(j) B.P. -» 648.72 kJ/min 

(ii) Owater 872.291 kJ/min 

(iii) Q Ex w -> Heat lost to dry exhaust has -> 877.469 kJ/min 

(iv) 0 Ex gas Heat carried away by steam-^308.732 kj/min 

(v) Qunacounied 438.948 kJ/min 

q. 39 In a 4-stroke, 2-cylinder diesel engine, the following data was collected: 

Piston stroke = 60 cm Diameter of the cylinder = 40 cm 

Speed of the engine = 250 r.p.m. Indicated mean effective pressure = 8 bar 

Brake power of the engine = 220 kW Fuel consumption = 80 kg/hr 

CV of fuel used = 43000 kj/kg Hydrogen content in fuel = 13% and remaining is carbon 

Air consumption = 30 kg/min Cooling water circulated = 90 kg/min 

Rise in temperature of cooling water = 38°C 

Piston cooling oil used = 45 kg/min Rise in temperature of cooling oil = 23°C 

C p of water = 4.18 kJ/kg-K C p of cooling oil = 2.2 kJ/kg-K 

C p of exhaust gases = 1.1 kJ/kg-K C p of superheated steam = 2 kJ/kg-K 

Latent heat of steam = 2520 kJ/kg Exhaust gas temperature = 450°C 

Ambient temperature = 27°C 

Find the following quantities per minute: 

(i) Heat converted to useful brake power (BP). 

(ii) Heat carried away by cooling water. (iii) Heat carried away by cooling oil. 

(iv) Heat carried away by dry exhaust gases, (v) Heat carried away by steam formed. 

(vi) Heat supplied by fuel. 

Draw up also a heat balance sheet on minute basis and percentage basis. 

[CSE (Mains) 2013 : 40 Marks] 

Solution: 

Given: No. of cylinders, k= 2, 4-stroke (Disel Engine), Stroke length, L = 60 cm, Bore D = 40 cm Speed 
N= 250 rpm 

Rate of volume swept. V c = — xD'xLxkx——— =0 314m'7spr 

s 4 60x2 ' 

Indicated mean effective pressure, P,.. = 8 bar 

Indicator power, l.P. = F) m xV s = 251 327 kW 
Brake power. B.P. = 220 kW 
B P 

Mechanical efficiency, r| mech = -^- = 87.53% 

Fuel flow rate, m f = 80 kg/hr 

Calorific value of fuel, (CV) f = 43000 kj/kg 

HA/min = 57333.33 kj/min 
H 2 content in fuel = 13% 

H 2 + — ^2 —> H 2 O 
1kg 8kg 9kg 

l,e ‘ 1 kg of H 2 = 9 kg of H.O 

In, 1 kg of fuel = 9x0.13 = 1.17 kg of H-.0 
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Hence, in 80 kg/hr of fuel, m stearn = 80 x 1.17 = 93.6 kg/hr of H 2 0 

80 

Total mass of exhaust (wet), m QV = m a +m f = — + 30 = 31.333 kg/min 

ex 60 

Total mass of dry exhaust, m exfiiy = m ex - m steam = 29.773 kg/min 

(i) Heat lost ot cooling -water jacket, Q wj 


Q W j - m w x C Pw x (A T) C j 

= 90 x 4.18 x 38 = 14295.6 kJ/min 

(ii) Heat lost to Dry exhaust gas, 

^ex.dry = ™ ex,dry x Cp,ex x i^ex ~ ^room) 

^ex.dry = 13853.377 kJ/min. 

(iii) Heat lost to piston cooling oil, Q piston oN 


^piston oil - ^piston oil x ^p,o/7 X (^^cooling oil 
= 2277 kJ/min 

(iv) Assuming, the steam (H 2 0) in exhaust in superheated state at exhaust temp ( T gx ). 

h s =h e+ (LH) S + h sup 

= C p w x (100 - 27) + 2520 + C p , sup x (450 - 100) 
= 3525.24 kJ/kg 

Heat lost in steam(H 2 0) of exhaust. 

^ex, steam ~ ^steam x 

= 5499.218 kJ/min 

(v) Unaccounted heat loss in radiation, error in calculation, etc 


a _ ha rap. ■ ■ 

Qvn ~ _ • — + Q m i+Q, 


min min m ^ ex .dry w ex.steam" 1 "^piston oil 


Q„ n = 26306.506 kJ/min 


0) 

B.P. = 220 x 60 = 13,200 kJ/min 

Percentage Contribution 

23.023% 

(ii) 

Q wj = 14295.6 kJ/min 

24.93% 

(iii) 

^piston oil = 2277 kJ/min 

3.97% 

(iv) 

^ex.dry = 13853.377 kJ/min 

24.16% 

(v) 

O steam = 5499.218 kJ/min 

9.59% 

(vi) 

HA/min = 57333.33 kJ/min 



Q.40 The products of combustion of an unknown fuel C x H y have the following composition as measured by 
an Orsat apparatus: 

C0 2 = 8.0%, CO = 0.9%, 0 2 = 8.8%, N 2 = 82.3% 

Determine the values of jc and y, the air-fuel ratio and % of excess air used. 

[CSE (Mains) 2014: 10 Marks] 


Solution: 



oxidation 

combustion 


aC0 2 + bCO + CO., + dN P 
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Orsal Analysis : C,H V + bjo 2 + ^ xN 2 1 -> aH 2 0 + 8C0 2 +0.9 C0 + 8.8 x 0 2 + 82.3 N. 


Balancing the chemical coefficient: 
Balancing C: 

Balancing 0 2 : 

7Q 

Balancing N 2 : 

Balancing H 2 : 


* = 8 + 0.9 = 8 9 

2b = a + 16 + 0.9 + 17.6 -» a = 9.254 


— xb = 82.3 -+ b = 21.877 
21 

Y= 2a => Y= 18.508 
X = 8.9 
Y= 18.5 

21.877 x jl + ^1x29 

Air-Fuel Ratio = -!=— =-i -= 24 11 

8.9x12 + 18.5 


C 89 H i8.5 +13.525|o 2 + N 2 1 -> 8.9 C0 2 + 9.25H 2 0 + 1 3.525 x|| x N £ 


% Excess Air =gl 877 ~ 13 - 525 
13.525 


xlOO =61.75% 


Q.41 A 2-stroke oil engine was subjected to a test at room temperature of 20°C with fuel oil of calorific value 
44000 kJ/kg. Calculate the indicated and brake, power, mechanical and brake thermal efficiency, and 
draw the heat balance sheet using the following data: 

Cylinder bore = 20 cm; Stroke-bore ratio = 1.3 : 1; Speed = 500 r.p.m,; Brake drum diameter = 120 cm- 
Rope diameter = 3 cm; Net brake load = 460 N; Indicated MEP = 2.8 bar; Oil consumption = 3.7 kg/hr! 
Jacket cooling water rate = 456 kg/hr with a rise in temperature of 27°C; Exhaust gas temperature 

entering calorimeter is 320°C and leaving 220°C; Temperature rise in calorimeter water is 8°C with a 
rate of flow 8 kg/min. 


[CSE (Mains) 2014 : 20 Marks] 

Solution: 

Given: For a 2-stroke oil engine 

Cylinder bore, D = 20 cmStroke bore ratio, =1.3, Stroke, L = 26 cm, Speed, N = 500 rpm 

Swept volume flow rate, = ^D 2 xLxkx-^~ =0.0681 m 3 /sec 

4 60 

Brake drum radius, r d = 60 cm 
radius of rope, r rope = 61.5 cm 
Effective radius, r ef = 61.5 cm 
Brake torque, T b = F b x r eff = 282.9 N-m 
Brake load, F b = 400 N 

Brake power, B.P. = T b xW= 14.8126 kW = 14.813 kW 
^dicated mean effective pressure, P m = 2.8 bar 

Indicator power, I.P. = P m xV s = 19.068 kW 

Fuel flow rate, m f = 3.7 kg/hr 
Calorific value of fuel, (C.V) f = 44000 kJ/kg 
Heat addition rate, HA/sec = m f x{CV) f = 45.222 kW 
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Mechanical efficiency, r| mech = ~7PT = 77-685% 


Brake thermal efficiency, r| bth = 


IP. 
BP. 


= 32.756% 


HA / sec 

^cooling water = n7 c X Cp W X (AT) nS e = 14.319 kW 
Heat absorbed by water in exhaust gas calorimeter, 


Q 


Ex-w 


= — x4.187x8 = 4.466 kW 


60 


Heat carried by exhaust gas is 0 Ex gas = — 


sec 


= 2.169 kW 

(Assuming A/F = 20 : 1) 

Unaccounted heat lost due to radiation, other losses, etc. 


Water 

Outlet' 

(T 0 ) 


Q 

Q 


HA 


— ____n — ri — n 

Unaccounted - sec w cooling '-'Ex.w w Ex, gas 


-BP 


'unaccounted = 45.222 - [14.319 + 4.466 + 2.169 + 14.813] 
= 9.455 kW 

Heat balance sheet 

heat supplied by oil = 45.222 kW (100%) 

1. Brake power equivalent = 14.813 kW (32.75%) 

2. Q water = 14.319 kW (31.66%) 

3. Qex.w = 4.466 kW (9.875%) 

4. Q E x,gas = 2.169 kW (4.79%) 

5 - ^unaccounted = 9-455 kW (20.90%) 


Exhaust Gas Inlet (T e ; ) 


Exhaust Gas 
Calorimeter 


Water 
■ Inlet 

(7) 


Exhaust Gas ( T e 0 ) 


Q.42 The following data refer to a 4-stroke, 4-cylinder diesel engine: 

Cylinder diameter = 36 cm; Stroke = 40 cm; 

Speed = 315 r.p.m.; Indicated MEP = 7 bar; 

Brake power = 250 kW; Fuel consumption = 80 kg/hr; 

Calorific value = 44 MJ/kg; Air consumption = 30 kg/min; 

Cooling water circulated = 90 kg/min with rise in temperature 38°C; 

Exhaust gas temperature = 324°C and Room temperature = 45°C kJ/kg K; C p = 1 005 kJ/kg K, 
C Pgas =1.05kJ/kgK, C Psteam = 2.093 kJ/kg K. 

In exhaust gases, partial pressure of steam is 0.03 bar and fuel contains 13% H 2 . 

Find mechanical efficiency, indicated thermal r|, brake specific fuel consumption. Draw heat balance 
sheet for the engine in hourly basis. 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 

Given:4-stroke (Diesel Engine) 

No. of cylinders, k = 4, Bore, D = 36 cm, Stroke, L= 40 cm, Speed, N = 315 rpm 

Rate of volume swept, \/ s = — D 2 xLxkx ^ ^ = 0'4275 m 3 /s 

Indicated mean effective pressure, P im = 7 bar 
=* Indicated power, I.P. = P jn x\/ s = 299.25 kW 

Brake power, B.P. = 250 kW 
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Fuel flow rate, m f = 80 kg/hr 
Calorific value of fuel, (CV) f = 44 MJ/kg 

HA 


sec 


= 977.78 kW 


Air flow rate, m a = 30 kg/min 
m w = 90 kg/min 

Temperature difference, (AT) =38° 


Heat taken by water jacket, O wa ter jacket = ™ w xC pW x{AT) w = 238.659 kW 

ss of wet exhaust gas per min. = mass of air per min + mass fo fuel per min 


80 

= 30 kg/min + — kg/min=31.33 kg/min 
60 


2H 2 + 
1kg 


0 2 
8 kg 


2H 2 0 


9 kg 


i.e. 1kg of H 2 produced 9 kg of H 2 0 

Mass ‘H 2 0’ burnt/kg of fuel burnt = 9xH 2 = 9x0.13 = 1.17 kg/kg of fuel 
Mass of H 2 0 (Steam )Produced/rnin = 1.17 x (mass of fuel/min) = 1.56 kg/min 

Mechanical efficiency (r| m ) = ~~ 


Hr,= 


T l,th = 


250 
299.25 
IP 

riifXC.V ~ 977.78 


= 83.54% 
299.25 


= 30.605% 


BSFC = 

Mass of dry exhaust gases/min = 
Heat lost to dry exhaust gases/minute = 

Assuming that steam in exhaust exists as 

Enthalpy ( h) = 
h = 
h = 
h = 

Heat lost to steam = 
Unaccounted heat loss = 

^ e at balance sheet in hourly basis- 

Heat supplied by fuel = 
B.P. equivalent = 
heat lost to cooling medium = 
heat lost to dry exhaust gas = 
Heat carried away by steam = 
Unaccounted losses = 


mr 


80 


= 0.32 kg/kW-hr 


B-P 250 

31.33-1.56 = 29.77 kg/min 
29.77 x 1.05 x (324-45) 

8721.12 kJ/min 

superheated steam at given conditions. 
h w +(LH) + h sup 

Cp, w x (100- 45) + 2250 + C p steam (324 - 100) 

4.18 x (100 - 45) + 2250 + 2.093 x (324 - 100) 
2948.732 kJ/kg 

1.56 x 2948.732 = 4600 kJ/min 

(977.78 x 60) - [15000 + 14295.6 + 8721.12 + 4600] 

16050.08 kJ/min 

3.52 x 10 6 kJ/hr 
0.9 x 10 6 kJ/hr 

0.859 x 10 6 kg/hr 
0.523 x 10 6 kJ/hr 
0.276 x 10 6 kJ/hr 
0.963 x 10 6 kJ/hr 
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Q-43 (i) Briefly explain 'Evaporative Cooling System' which is generally used for big-capacity stationary | C 
engines, with a schematic diagram. 

(ii) List four advantages and disadvantages each of a water-cooled system in a Cl engine. 
Solution: [CSE (Mains) 2009 : 20 Marks] 

Evaporative Cooling System: In this system, 
the engine is cooled because of the evaporation 
of the water in the cylinder jackets into steam. 

The high latent heat of vaporization of water is 
used to achieve cooling by allowing it to 
evaporate in the cylinder jackets. 

This system is used predominantly in stationary 
engines and big capacity 1C engines. 

Evaporative Cooling with air cooled 
condensor: The figure above illustrates 
evaporative cooling with air-cooled condensor. 

1. Water is circulated by pump A and when 
delivered to the overhead tank B, part of it 
boils out. 

A partition C is provided in the tank. 

The vapour rises above the partition C and the condensing action of the radiator tubes D makes the condensate 
flow into the lower tank Efrom which it is picked up and returned to the tank B by the small pump F. 

The vertical pipe G is in communication with the outside atmosphere to prevent collapsing of the tanks Sand 
L when the pressure inside them due to condensation falls below atmospheric. 

Evaporative cooling with water-cooled condensor: 

This type of cooling system is illustrated by the following figure: 

In this case, condensation of the vapour formed in the overhead 
tank B occurs in the heat exchanger C cooled by a secondary 
water circuit and the water returns to B by gravity. 

The pump A circulates the cooling water to the engine and heated 
water from the engine is delivered to tank B thereby maintaining 
circulation. 

Advantages of water cooled system in Cl engine are: 

1. Compact design of engines with appreciably smaller frontal 
area is possible. 

2. The fuel consumption of high compression liquid-cooled 
engines are rather lower than for air cooled ones. 

3. Because of the even cooling of cylinder barrel and head 
due to jacketing makes it possible to reduce the cylinder 
head and valve seat temperatures. 

4. In case of water cooled engines, installation is not necessarily at the front of the mobile vehicles, aircraf 
etc. as cooling system can be conveniently located wherever required. 

Disadvantages: 

1. This is a dependent system in which water circulation in jackets is to be ensured by additional means. 

2. Power absorbed by the pumb for water circulation is considerable and affects the power output of engin e 

3. Cost of the cooling system is considerably high. 

4. System requires considerable maintenance of its various parts. 
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Q.44 (•’) Discuss the objectives of supercharging and show the process on p-v diagram, 

(jj) Give sketches of two common type of supercharging and turbocharging configurations, 
(iii) Discuss parameters affecting engine heat transfer. 


Solution: 

(i) Objectives of supercharging: 

1. To obtain higher power output. 

2. To increase induction of charge mass. 

3. To achieve better atomization of fuel. 

4. To achieve better mixing of fuel and air. 

5. To enable better scavenging of products. 

6 . To achieve better torque characteristic over the whole 
speed range. 

7 . To accelerate vehicle quickly. 

8 . To attain complete and smoother combustion. 

9. To have smoother operation and reduction in diesel knock 
tendency. 

10. To reduce exhaust smoke. 

11. To have reduced specific fuel consumption in turbocharging. 

12. To have improved mechanical efficiency. 


[CSE (Mains) 2010 : 20 Marks] 


Positive (gas exchange work) 



(ii) Supercharging configurations 

Engine emissions can be classified into two categories: 

(a) Gear Driven (b) Exhaust Driven 

In gear driven arrangement, the compressor is coupled to 
the engine with step up gearing to increase the rotational 
speed of compressor. A certain percentage of engine output 
is utilized to drive the compressor, 

In exhaust driven arrangment, the engines are turbo- 
supercharged. The exhaust energy of the engine is used to 
drive the turbine which is coupled to a compressor and there 
is no mechanical coupling of compressor or turbine with 
engine. 


After cooler 




Turbocharging configurations:Twin-turbo or bi-turbo designs have two separate turbochargers operatin ' 
two configurations: 9 ' n 

1 • Sequence: 


Inlet to 
compressor 


Exhaust from 
turbine 


2 . 


• In a sequential setup one turbocharger runs at low 
speeds and the second turns on at a predetermined 
engine speed or load. 

• Sequential turbochargers require an intricate set 
of pipes to properly feed both turbochargers. 

• They reduce turbo lag that is the time required to 
change power output in response to a throttle change. 

Parallel: 

In a parallel configuration, both turbochargers are 
fed one-half of the engine's exhaust. 


After cooler 


-Wr 




Inlet to 
engine 


Exhaust 


Engine 




Load 


(b) 
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Two-stage variable twin-turbochargers employ a small turbocharger at low speeds and a large one at 
higher speeds. 


They are connected in a series so that boost pressure from one turbocharger is multiplied by another 
The distribution of exhaust gas is continuously variable, so the transition from using the small 
turbocharger to the large one can be done incrementally. 

Twin turbochargers are primarily used in Diesel engines. 


Boost dial 


Arrow 



Variable-geometry or variable-nozzle turbochargers 

• They use moveable vanes to adjust the air-flow to the turbine, imitating a turbocharger of the optimal size 
throughout the power curve. 

• The vanes are placed just in front of the turbine like a set of slightly overlapping walls. 

• Their angle is adjusted by an actuator to block or increase air flow to the turbine. This variability maintains 
a comparable exhaust velocity and back pressure throughout the engine's speed range. 

• This results in the turbocharger improving fuel efficiency without a noticeable level of turbocharger lag. 


Nozzle pivot 


Involume 


Exhaust 
gas exit 



Exhaust gas inlet 
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(iii) Parameters Affecting Engine Heat Transfer 

(i) Fuel-Air Ratio: A change in fuel-air ratio changes the temperature of the cylinder gases and affects 
the flame speed. The maximum gas temperature occurs at a fuel air ratio about 0.075 and maximum 
heat rejection is found to occur for a mixture slightly leaner than this value. 

(ii) Compression Ratio: An increase in compression ratio causes a slight increase in gas temperature 
near the top dead centre. Near bottom dead centre, a considerable reduction in gas temperature is 
observed. The exhaust gas temperature will be much lower because of greater expansion so that the 
heat rejected during blowdown will be less. In general, an increase in compression ratio causes 
marginal reduction in heat rejection. 

(iii) Spark Advance: A spark advance more than the optimum as well as less than the optimum results 
in increased heat rejection to the cooling system. This is mainly due to the fact that the spark timing 
other than MBT value (Minimum spark advance for best torque) will reduce the power output and 
thereby more heat is rejected. 

(iv) Pre-ignition and knocking: Effect of pre-ignition is same as advancing the ignition timing, with large 
spark advance leading to erratic running and knocking. Knocking causes large changes in local heat 
transfer conditions. Overall effect on heat transfer due to knocking appears negligible. 

(v) Engine Output: Engines which are designed for high mean effective pressures or high piston speeds, 
heat rejection will be less. Less heat will be lost for the same indicated power in large engines. 

(vi) Cylinder Wall Temperature: Since the average cylinder gas temperature is much higher in comparison 
to cylinder wall temperature, any marginal change in cylinder gas temperature has little effect on the 
temperature difference and thus on heat rejection. 


Q.45 (i) What is meant by firing order in internal combustion engines? 

(ii) What are the firing orders used in 4 and 6 cylinder inline engines? 

(iii) What are the three purposes of firing order in 'V engines? 

[CSE (Mains) 2012:2 + 4 + 6=12 Marks] 

Solution: 

(i) The firing order is the sequence of power delivery of each cylinder in a multi-cylinder reciprocating engine. 
The number of possibilities of firing order depends upon the number of cylinders and throws of the 
crankshaft. Proper firing order is achieved by sparking of the spark plugs in a gasoline engine in the 
correct order, or by the sequence of fuel injection in a diesel engine. When designing an engine, choosing 
an appropriate firing order is critical to minimizing vibration, to improve engine balance and achieving 
smooth running, for long engine fatigue life and user comfort, and thus heavily influencing crankshaft 
design. 

(ii) The possible firing orders are given below: 

Firing order in 4 cylinder inline engines 

1-3-4-2 


1-2-4-3 

Firing order in 6 cylinder inline engines 
1-5-3-6-2-4 (used most commonly) 
1-5-4-6-2-3 


(iii) 


1-2-4-6-5-3 

1-2-3-6-5-4 

The purposes of firing order in V engines are: 

i To evenly distribute the load on the bearings as any imbalance would increase the crankshaft vibrations 
and would result in failure of the system 

'i- To achieve optimum level of cooling, firing order of the engine is important. If two adjacent cy.inders 
are fired consecutively, the portion of the engine between them gets overheated and if puts strain on 
the cooling system Proper firing order controls the problem of overheating 
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iii. To avoid the development of back pressure, a proper firing order is necessary. The exhaust gases in 
the exhaust pipe increases the back pressure and the possibility o a-, ow arises if the firing 
order is not proper. 

Q.46 Discuss the lubrication of the following engine parts with the help of neat sketches. 

(i) Main bearings 

(ii) Cylinder and small end bearing of connecting rod 

(iii) Crank and Gudgeon pin. 

[CSE (Mains) 2015: 15 Marks] 


Solution: 

(i) Lubrication of main bearings: In small stationary engines, the main bearings of the crankshaft are made 
with rings which are slipped over the shaft and run over the journal, known as ring oilers. 

The rings tend to rotate with the rotating shaft. While rotating, the bottom portion of the ring picks up oil 
from the reservoir and carries it to the top of the journal where it is able to flow into the bearing oil grooves 
and bearing clearance space, to be distributed to the entire bearing surface. 

In large engines, where the crankcase is not very tight, the main bearings are lubricated by positive feed 
lubricators. 

Vertical engines, which have enclosed crank cases, are usually built with pressure lubrication. The oil is 
drawn by gear pump and delivered to the oil gallery in the crankcase which distributes it to the bearings. 
Oil from the bearings is picked up by a scavenging pump. It is pumped through a filter to the oil cooler 
and to a supply tank from which it flows back to the pressure pump. 

(ii) Lubrication of cylinder and small end bearing of connecting rod: In small horizontal engines, the 
small end bearing or wristpin bearing is lubricated by a sight feed oiler. A special scraper scoop is 
provided to scrap the oil dripping from the cylinder walls, the arrangement is shown in the figure. 



Figure: Lubrication of wrist pin bearings 

In vertical engines where lubricating oil is delivered under pressure to the main and crankpm bean'V 
the small end bearing is lubricated by excess oil from the crankpin bearing. A hole is drilled through * 
connecting rod for this purpose, as shown in the figure. 
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(iii) Lubrication of Crank and gudgeon pin: In small engines, having low bearing pressure, the crankpins 
are lubricated by splashing oil. The bottom of the connecting rod is attached with a dipper which dips into 
the oil when the connecting rod comes out. 

In small horizontal engines and some two stroke engines, a centrifugal banjo oiler shown by the figure 
below, is used. 

The oil hole is drilled at an angle of 30 degree before the dead centre, so that upper shell receives oil 
before the ignition at a point of relatively low pressure. 

Q.47 What are the supercharging limits of SI and Cl engines? What are the modifications recommended 
for supercharging an 1C engine? 

[CSE (Mains) 2016 : 10 Marks] 

Solution: 

Supercharging limitations of SI engines: 

1. Knocking tendency increases with increase in temperature, pressure and density of charge. Therefore 
the fuel must have better anti-knock properties. 

2. Compression ratio of engine needs to be reduced in a supercharged engine but the reduced compression 
ratio reduces the power output and efficiency of engine by increasing the specific fuel consumption 

In Cl engines, the supercharging limits are mainly due to thermal stresses and gas loading. Due to this 
heat generation and heat transfer increases and there is greater tendency to burn the piston crown seat 
and edges of exhaust valve. 

Modifications recommended for supercharging an 1C engine: 

1 • Supercharging increases the thermal load on various engine parts. Hence some engines are provided 

with a hollow space on piston crown through which oil or water is circulated for cooling. 

2- Piston crown, seat and edges of the exhaust valve are made of better materials capable of withstanding 

high temperatures. 

Increased gas loading caused by supercharging necessities the use of larger bearing areas and heavier 
engine components. 

4 - Increased heat generation and heat transfer during supercharging increases the tendency of burning 

the piston crown, seat and edges of exhaust valve. Hence valve overlap is increased in supercharged 
engines during which cooler air flows past the valves and piston crown. The valve overlap may vary from 
about 80 to 160 degree of crank travel. 
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Economics of Power Genera tion 


Q.1 A power generating station has a maximum demand of 
20 MW The daily load on the station is as follows: 

(i) Draw the load curve and load duration curve for the 
plant. 

(ii) Decide the capacity and number of units. 

(iii) Prepare the operating schedule of the units. 

(iv) Determine the load factor, plant capacity factor and 
plant use factor of the station. 

[CSE (Mains) 2001 : 30 Marks] 

Solution: 




6 AM 8 AM 12 Noon 1PM 5 PM 7 PM 9 PM 11PM 6 AM 


Load Curve 


Load 

Hours in a day 

%time 

20 MW 
— 

2 

8.33 

17 MW 

2 + 2 = 4 

16.67 

16 MW 

2 + 2 + 4 = 8 

33.33 

15 MW 

2+2+4+4=12 

50 

9 MW 

2+2+4+4+2=14 

58.33 

7 MW 

2+2+4+4+2+2=16 

66.67 

6 MW 

2+2+4+4+2+2+1=17 

70.83 

4 MW 

2+2+4+4+2+2+1+7=24 

100 


Units generated during 24 hours = 2x7 + 4x16+1*6 + 4 x 15 + 2 x 7 + 2 x 20 + 2 x 9 + 7x 4 

= 264 MW hr 
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Load Duration Curve 

From the load variation over the 24 hours (starting from 6 AM) it can be seen that units, each of 5 MW will 
suffice. Since we want continuity of supply, a reserve capacity equivalent to the largest unit will be taken. 

Total capacity of the plant = 5 MW x 5 = 25 MW 
Number of units = 5 

, r 264 n rr 

Load factor = -= 0.55 

24x20 


Plant capacity factor = -= 0.44 

M y 25 x 24 

With the operation schedule listed above, the energy that could have 
been generated, by the capacity of the plant actually running for the 
scheduled time will be 

= 7x5 + 2x 10 + 4x20+1x 10 + 4x 15 + 2x20 + 2x20 + 2x 10 
= 35 + 20 + 80 + 10 + 60 + 40 + 40 + 20 = 305 MW 


Operation Schedule 


11 PM to 6 AM 

One unit of 5 MW 

6 AM to 8 AM 

Two unit of 5 MW 

8 AM to 12 Noon 

Four unit of 5 MW 

12 Noon to 1 PM 

Two unit of 5 MW 

1 PM to 5 PM 

Three unit of 5 MW 

5 PM to 7 PM 

Four unit of 5 MW 

7 PM to 9 PM 

Four unit of 5 MW 

9 PM to 11 PM 

Two unit of 5 MW 


Plant use factor 


— = 0.8655 or 86.55% 
305 


Q.2 A thermal power plant of 200 MW capacity has the maximum load of 160 MW and its annual load factor 
is 0.65. The coal consumption is kg per kWh of energy generated and the cost of coal is * 800 per 
ton. Other annual running expenses are ? 200 x 10 6 . Calculate. 

(i) the annual revenue earned if the energy is sold at ^ 1.5 per kWh sand 

(ii) the capacity factor of the plant. 

[CSE (Mains) 2002 : 20 Marks] 

Solution: 

Average load 

Annual load factor = Peak | oad 

Average = 0.65 x 160 = 104 MW 

Energy generated per year = 104 x 24 x 365 = 911040 MWh = 911040 x 10* kWh 
Coal required per year = 911040 x 10 3 kg = 911040 tonnes 
Cost of coal = ?800 per ton 
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Cost of coal per year = 911040 x 800 = *728.832 xIO 6 
Cost of energy sold = *1.5 x 911040 x 10 3 = *1366.56 x 10 6 
(i) Revenue earned by the power plant per year = cost of energy sold - cost of coal 

= *1366.56 x 10 6 - *728.832 x 10 6 = *637.728 x 10 6 


= *63.773 crore 


Average load _ 104 _ ni 

Capacity factor = = 200 = 


Q.3 A power plant of 210 MW installed capacity has the following particulars: 

Capital cost = * 4 crores/MW installed Interest and depreciation = 12% 

Annual load factor = 60% Annual capacity factor = 54% 

Annual running charges = * 400 x 10 6 Energy consumed by power plant auxiliaries = 6 % 

Calculate: 

(i) The cost of power generation per kWh (ii) The reserve capacity 

[CSE (Mains) 2004 : 20 Marks] 


Solution: 

Load factor Average load Capacity of the plant 

Capacity factor - Maximum demand Average load 

0.60 _ 210MW 

0.54 - Maximum demand 
210x0.54 

Maximum demand = ———— = 189 MW 

0.60 

Reserve capacity = 210-189 = 21 MW 

Average load = Load factor x Maximum demand = 0.6 x 189 = 113.4 MW 
Energy produced per year = 113.4 x 10 3 x 8760 = 993.384 x 10 6 kWh 
Net energy delivered = 0.94 x 993.384 x 10 6 = 933.781 x 10 6 kWh 
Annual interest and depreciation (fixed cost) 

= 0.12 x 4 x 10 7 x 210 = *100.8 x 10 7 
Total annual cost = Fixed cost + Running cost 

= *100.8 x 10 7 + *400 x 10 6 = *140.8 x 10 7 

^ z *■ *1 40.8 XlO 7 

Cost of power generation = -g = * 1.5/KWh 

933.781 x 10 


Q.4 Discuss the factors to be considered in the selection of a site for a hydroelectric power plant. 

[CSE (Mains) 2004 : 10 Marks] 

Solution: 

The following factors should be considered while selecting the site for hydroelectric power plant. 

1. Availability of water 2. Water storage capacity 

3. Available water head 4. Accessibility of the site 

5. Distance from the load centre 6. Type of land of site 

1 . Availability of water: The design and capacity of the hydro-plant greatly depends on the amount of water 
available at the site. The run-off data along with precipitation at the proposed site with maximum and 
minimum quantity of water available in a year should be made available to 

(a) decide the capacity of the plant, 

(b) set up the peak load plant such as steam, diesel or gas turbine plant, 

(c) provide adequate spillways or gate relief during flood period, 
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Water storage capacity: Since there is a wide variation in rainfall all round the year, it is always necessary 
2 to store the water for continuous generation of power. The storage capacity can be estimated with the help 

of mass curve. 

Available water head: In order to generate the desired quantity of power it is necessary that a large 
quantity of water at a sufficient head should be available. An increase in effective head, for a given output, 
reduces the quantity of water required to be supplied to the turbines, 

4 Accessibility of the site : The site should be easily accessible by rail and road. An inaccessible terrain 
will jeopardize the movement of men and material. 

5 Distance from the load centre: If the site is close to the load centre, the cost of transmission lines and 
the transmission losses will be reduced. 

6 Type of the hind of the site: The land of the site should be cheap and rocky. The dam constructed at the 
site should have large catchment area to store water at high head. The foundation rocks of the masonry 
dam should be strong enough to withstand the stresses in the structure and the thrust of water when the 

reservoir is full. 

Q.5 A central power station has annual factors as follows: 

Load factor = 0.6, Capacity factor = 0.4 and Use factor = 0.45. 

The power station has a maximum demand of 15 MW. Determine: 

(i) Annual energy production 

(ii) Reserve capacity over and above peak load 

(iii) Hours per year the plant is not in service 

[CSE (Mains) 2005 : 20 Marks] 


Solution: 


Load factor = 


Average load 
Peak load 


Average load = 0.6 x 15 = 9 MW 
Annual energy production = 9000 x 8760 = 78.84 x 10® kWh 

Average load 

(ii) Capacity factor = p| ant capacity 

Plant capacity = = 22 - 5 MW 

Reserve capacity over and above the peak load = 22.5 - 15 - 7.5 MW 

Energ generator per year 

(jjj) Use factor = plant capacity x hours in operation 


■ nation - __ Z 8 - 84x1 ° 6 - - = 7786.67 hours 
Hours in operation - 2 2.5 x 0.45 x 10 3 

Hours not in service in a year - 8760 - 7786.67 = 973.33 hours 
Q.6 Sketching 'load curve' and 'load duration curve', explain their purposes. Define also 'demand factor' 

The ^""Industries are tabulated below for 24 hours. During load duration andI load cutve 
find power required for 40% of the time of the day. If the capacity of the power plant is 35 MW, find the 
capacity factor of the power plant: 
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Time 

6 AM to 8 AM 

8 AM to 9 AM 

9 AM to 11 AM 

11 AM to 2 AM 

2 AM to 5 AM 

Load (in MW) 

18 

26 

30 

22 

24 

Time 

5 PM to 8 PM 

8 PM to 12 PM 

12 PM to 5 PM 

5 PM to 6 PM 


Load (in MW) 

30 

20 

15 

16 


If the load is supplied by two power plants, one is acting as a base load plant having capacity 0 f 
25 MW and other as peak load plant having capacity of 10 MW, find load factor, capacity factor and 
use factor for both power plants. 

[CSE (Mains) 2007 : 20 Marks] 

Solution: 

The Load Curve is a Graph, which represents load on the generation station (the load is in kW/MW) recorded 
at the interval of half hour or hour (time) against the time in chronological order. The Load Curve is defined as 
the curve which is drawn between loads versus time in sequential order. We have to draw the load curve on 
daily basis data, weekly, monthly basis data. The Load Curve gives following Information. 

• The daily load curve shows the variation of load on the power station during different hours of the day. 

• The area under the daily load curve gives the number of unit generated in the day. Unit generated/day 

= Area (in kWh) under daily load curve. 

• The highest point on the daily load curve represents the maximum demand on the station on that day. 

• The area under the daily load curve divided by the total number of hours gives the average load on the 

station in that day. 

• The load curves helps in selecting the size & number of generating units. 

• The load curve helps in preparing the operation schedule of the station. 

When the load elements of a load curve are arranged in the order of descending magnitudes, the curve thus 
obtained is called a load duration curve. The load duration cun/e is obtained from the same data as load curve 
but the ordinate representing the maximum load is represented to the left and the decreasing loads are 
represented to the right in the descending order. 




(Mid Night) 


Time of day load curve 

(i) 


Hours duration 
load duration curve 

(ii> 


n nd factor is the ratio of Maximum Demand on the Power Station to its Connected Load. The val ^^. 
Demand factor is usually less than 1. It is excepted because maximum demand on the powerstationplant 
less than the connected load The knowledge of Demand Factor is vital in determining the capacity o 

equipments. 
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Plant use factor is the ratio of kWh generated to the product of plant capacity and the number of hours for 
which the plant was in operation. Plant use factor indicates how much is the plant capacity utilized, but it does 
not indicate the time for which the plant remains idle. 

Numerical Part: 

Energy generated during 24 hours of operation 

= [18x2 + 26x1+30x2 + 22x3 + 24x3 + 30x3 + 20x4 
+ 15 x + 16 x 1] x 10 3 = 521 + 10 3 kWh 

521 xIO 3 

Average load = ——-= 21708.33 kW 

24 

40% of the time of the day = 0.4 x 24 = 9.6 hours 
Power required for 40% of the time of the day, = 21708.33 x 9.6 = 208,400 kWh 

521 vin 3 

Capacity factor = ---= 0.62 

35x10 3 x24 

Installed capacity of base load plant = 25 x 10 3 kW 
Installed capacity of peak load plant = 10 x 10 3 kW 

Base Plant 

Load factor = kWh generated during 24 hours = 521 xIO 3 = 

Max. demand x Working hours 25x10 3 x 24 

Maximum demand is 30 MW and capacity of base load plant is 25 MW. so, maximum 25 MW can only be met 
by base load plant. 

Q.7 The input-output curve of a 60 MW power station is given by 1 = 5 x 10 6 [8 + 8Z_ + 0.4 L 2 ] kJ/hr. 
where, 1 = Input in kJ/hr, L = Load in MW 
Determine: 

(i) The heat input per day to the power station if it works for 20 hours at full load and remaining 
period at no load. 

(ii) Saving per kWh of energy produced if the plant works at full load for all 24 hours generating the 
same amount of energy. 

[CSE (Mains) 2008 : 20 Marks] 

Solution: 

(i) Heat input per day: 

Total energy generated by the plant during 24 hours = 20 x 60+ 5x0 = 1200 MWh 
Input to the plant when the plant is running at full load 

/go = 5 x 10 6 [8 + 8 x 60 + 0.4 x 3600] x 20 

= 5 x 10 6 x 1928 x 20 kJ during 20 hours when the plant was running 
at full load 

Input at no load, I 0 = 5 x 106 x 8 x 4 

= 200 x 10 6 kJ during 4 hours when the plant was running at no load 
Total input to the plant during 24 hours = / 60 + / 0 = 5 x 10 6 x 1928 x 20 + 200 x 10 6 = 193 x 10 9 kJ/day 
00 Saving per kWh: 

Average heat supplied per kWh generated = ————s- = 160.83 x 10 3 kJ/kWh 

K a 1200x10 3 

lf ^e same energy is generated within 24 hours, the average load is given by: 

1200 

Average load = ^ = 50 MW 
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Heat supplied during 24 hours in this case 

/^ = 5 x 10 6 [8 + 8 x 50 + 0.4 x 2500] x 24 = 168.96 x 10 9 kj/day 

Saving per kWh = 24 04 Xl ^- = 20.03 x 10 3 kJ/kWh 
1200x10 3 

Q-8 Give a practical feed heating arrangement of a 660 MW steam power plant by showing steam and f^^ 
flow paths. Mention its special features. 

Marks] 


Solution: 


[CSE (Mains) 2010 : 10 


Feed Heating System for a 660 MW Unit: Figure shows a typcal feed heating system for a 660 MW steam 

turbine unit with reheat. The steam conditions at the turbine stop valve are 158 bar and 538°C. The reheat 

temperature is also 538°C. Eight stages of feed heating is employed to give a final feed water temperature of 
254°C. u 



660 MW Feed Heating System 


The salient features of this system are as follows: 

(i) There are five direct contact Low Pressure (LP) heaters in twn 

n / 11 d\ f + .. . K n neaTers In two cascades one deaerator and two High 

Pressure (HP) surface type fded heaters. 

(ii) There is a single bank of HP heater instead of two. 

(iii) Similar to 350 and 500 MW, boiler feed pump is driven bv a * u . . . 

H unveil uya separate steam turbine meant for this only 


r 


■&.' C*h- 


2* Gas Turbines 


H3 


Q.9 Differentiate between a cogeneration and a combined cycle power plant 

So|utjon . [CSE (Mains) 2004 : 10 Marks] 

Combined cycle is the typical process which uses both gas (gas turbine) and steam (steam Turbine! to 
generate the power which is 50% higher than the normal process 

Combined cycle is a term applied to gas turbine generators in which the exhaust heat from the gas turbine is 
used to produce steam (in a heat recovery steam generator - HRSG), which is then fed to a steam turbine. 
The steam turbine may be on the same shaft as the gas turbine generator, or it may be a completely separate 
steam turbine & electrical generator. 
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Co-generation Cycle is the method where the consumption of steam required for the process (like sugar 
plant or paper mill), but the consumption rate is meager and the max portion of steam used to generate the 
power using seam turbine for their power requirement, most of the captive power plant works in this co¬ 
generation terminology. 

Cogeneration is when the heat produced from a combustion process is split between electrical generation and 
industrial process steam. 

The combustion process' can be either a boiler or a gas turbine with HRSG. The 'industrial process' steam can 

be for truly industrial chemical processes, or it could be for non-industrial steam plants, such as campus 
heating & cooling. 

In summary, combined cycle" refers specifically to a gas turbine generator with an exhaust-heated steam 
turbine generator to increase overall power plant efficiency. 

Cogeneration is making heat through whatever means, and dividing the heat energy between electric generation 
and other process needs. 

Q.10 Explain with the help of diagrams the difference of working between an open cycle gas turbine and a 
closed cycle gas turbine. What advantages are derived by using regeneration for open cycle constant 
pressure gas turbine? Explain properly with the help of diagram. 

[CSE (Mains) 2008 : 30 Marks] 

Solution: 



Closed cycles gas turbine 



S.No. 

Criterion 

Closed Cycle Gas Turbine 

Open cycle gas turbine 

1 . 

Cycle of operation 

It works on closed cycle. The working 
fluid is re-circulated again and again. It is 
a clean cycle. 

It works on open cycle. The fresh charge is 
supplied to each cycle and after combustion 
and expansion. It is discharged to atmosphere. 

2. 

Working fluid 

The gases other than the air like Helium 
or Helium-Carbon dioxide mixture can 
be used, which has more favourable 
properties. 

Air-fuel mixture is used which leads to lower 
thermal efficiency. 

3. 

Type of fuel used 

Since heat is transferred externally, so 
any type of fuel: solid, liquid or gaseous 
or combination of these can be used for 
generation of heat. 

Since combustion is an integral part of the 
system thus it requires high quantity liquid or 
gaseous fuel for burning in a combustion 
chamber. 














168 » 


Civil Services Mains 


Mechanical Engineering • Paper-ll 


Solved Papers 


■ 

Manner of heat input 

The heat is transferred indirectly through 
a heat exchanger. 

Direct heat supply. It is generated in the 
combustion chamber itself. 

5. 

Quality of heat input 

The heat can be supplied from any 
source like waste heat from some 

process, nuclear heat and solar heat 
using a concentrator. 

It requires high grade heat energy for 
generation of power in a gas turbine. 

6. 

Efficiency 

High thermal efficiency for given lower 
and upper temperature liquids. 

Low thermal efficiency for same 
temperature limits. 

■ 

Part load efficiency 

Part load efficiency is better. 

Part load efficiency is less compared to 

Closed cycle gas turbine 

8. 

Size of plant 

Reduced size per MWh of power output. 

Comparatively large size for same 
power output. 

9. 

Blade life 

Since combustion products do not come 
in direct contact of turbine blade, thus 
there is no blade fouling and longer 
blade life. 

Direct contact with combustion products, the 
blades are subjected to higher thermal 
stresses and fouling and hence shorter 
blade life. 

10 . 

Control on power 
production 

Better control on power production. 

Poor control on power production. 

11. 

Cost 

Closed cycle gas turbine plant is 
complex and costly. 

Open cycle gas turbine plant is simple 
and less costly. 


Regeneration of Gas Turbine Plant Regeneration process involves the installation of a heat exchanger in the 
gas turbine cycle. The heat-exchanger is also known as the recuperator. This heat exchanger is used to extract 
the heat from the exhaust gas. This exhaust gas is used to heat the compressed air. This compressed and 
pre-heated air then enters the combustors. When the heat exchanger is well designed, the effectiveness is 
high and pressure drops are minimal. And when these heat exchangers are used an improvement in the 
efficiency is noticed. Regenerated Gas turbines can improve the efficiency more than 5%. Regenerated Gas 
Turbine work even more effectively in the improved part load applications. 


Regenerator 



Advantages of Regeneration cycle: 

• Heat supplied to boiler becomes reduced 

• Thermal efficiency is increased since the average temperature of heat addition to the cycle is increased. 

• Due to bleeding in the turbine, erosion of turbine due to moisture is reduced. 
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q 1 1 Deduce expressions for optimum pressure ratio for 

(i) maximum specific output work and 

(ii) maximum cycle efficiency for a Brayton cycle in terms of highest and lowest temperatures in the 
cycle and considering isentropic efficiencies of turbo-compressor and turbo-expander. 

[CSE (Mains) 2008 : 30 Marks] 


or 


Derive the optimum pressure ratio of an ideal gas turbine plant for maximum network. Also, show with 
the help of T-s diagram that, an optimum pressure ratio exists. 

[CSE (Mains) 2015 : 10 Marks] 


or 


A gas turbine operating on actual simple Brayton cycle is to be designed for maximum output. If the 
maximum and minimum temperatures of the cycle, the efficiencies of compressor and turbine are 
fixed, derive the expression for optimum actual pressure ratio. What will be the value of optimum 
pressure ratio for turbine, if the ratio of maximum and minimum temperature is 3 and y = 2? 

Take efficiencies of turbine and compressor as 0.9 and 0.8 respectively. 

[CSE (Mains) 2015 : 20 Marks] 


Solution: 


Turbine work, 
Compressor work, 


Let 

Net work output is given as, 


r| c = ——— (compressor efficiency) 
c T 2 -T<\ 

tj = T 3~ T ±_ (turbine efficiency) 

T3 ~T^ S 

W T = Cp(T 3 -T 4 ) 

Wq = c p {T 2 - r,) 

W T = Cp(T 3 -TJx\ t 


Entropy 


- CpTJ f T 3 


/ T ^ 

1 '4s 

^3 


CpTi 


W c -C P (T 2 T : ) (T* r i) Tjc 


f T ^ 
1 2 s 1 

T, 

Y-1 


Js. _ Zfflst= (and —= r ■, ^r- = jr- = r 1 = C(say) 

r, “ r min Pi r i r 4s 


= W T - W r = 


f 1 'l CpTi 


W = vv T - v*c 


1- 


y-1 


V r Y J 


Tic 




w = ti t y 
C P T\ 71 


1 

-jj 1 

_1 

- 

Ul?J 

■4—j 

£ 

II 

1-- 

L r 7 J 


.Tic J 

1 1 

C? _ 


Tic 


Equation (i) shows that the specific work output ^, upon which the size of the plant depends is a function 
of not only the pressure ratio, but also of the maximum cycle temperature. 





L 
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cycle efficiency, 


T1 = 


Net work output _ l/V 
Heat input Q s 
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CpT, 


Cp(T ;3 ~T 2 ) 


CpT i 


h = 


\{ , c \ 
r| f f- 



V lie J 


(C Tic JJ 


CpT, 


T ; 


-Oi) 


'7 


7~2s-7~i . 

7 2 -7i 


^-1 


'2s i 


f 7 A 
— — 1 


7, 


= X 


T-i 


+ i-£z2 + i 


7o 


Substituting the value of in equation (ii), we get 

/ 1 


ii = 


( c ) 

-[M + JLl 

(T|f T| C t ~ C) 

(llfllc f + C) 

\ Me J 

l c lie J 

7 c 

Cr lc 


(f-1)- 


(c-1) 

lie 


Tic (f + 1) - (C - 1) 


^ = il t ilc^-c 2 -Ti ( ri c f-c = n t ri e f(c-1)-c(c + 1) 
CTl c (f-1)-C(C-1) C T| c (f — 1) — c(c — 1) 


...(Hi) 


First Part: 

For optimum pressure ratio for maximum specific work output, we have to differentiate equation (i) as follows: 

d ( W ' 
dc(CpT^ 


= 0 


or 


or 


1 'l 1 

Tiff I — = 0 

, C / TJc 


C 2 = fTl f Tl c 

c = (fil f il c ) 1/2 


Y-1 


r opt y = (^T| f il c ) 1/2 


Optimum pressure ratio,r opt = 


Trr 


V 7”min 


TJfT| c 


^2(y-1) 


7 


when 


max ^ _ _ 

T~~ = 3, g = 2, ti t = 0.9, T1 C = 

'min 


0.8 


(^optimum 


ilrTlc 


7 


max 


'min ) 


2(y-l) 


(^optimum = (0.9x0.8x3)2(2-2) =2.16 
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From T-S diagram 

It can be seen that the work capacity of cycle, operating 
between T max and 7 min is zero, when r p = 1 passes through a 
maximum, and then again becomes zero when the carnot 
efficiency is reached. There is an optimum value of pressure 
ratio (r) t at which work capacity becomes maximum. 


Second Part: 

For optimum pressure ratio to corresponding to maximum 
cycle efficiency, we have to differentiate equation (iii) as 
follows: 

>=° 



'max 


'min 


( r p) 


or 


[c r\ c (t -1) - c(c - 1)][iyii e f - 2c -1] - [ri f Ti c f(c -1) - c(c + 1)lh c (f -1) - 2c +1] = Q 

[CTl c (f-1)-C(C-1] 2 


d_( _ g(x)f'(x)-f{x)g'{x) 

dx{g(x)j [g (*)] 2 


[ct|.(r- 1 )-c(c- I)] 2 * 0 


As 
We have 

[c T| c t — c — c? + c] [T| r T| C t-2c- V-[j\ t r\ c t(c-V-c(c+ 1][Ti c (f-1)-2c+ 1] = 0 
[CT] c t-C 2 ] [r\ t T] c t-2c-1]-[T] t T] c t(c-1)-c(c+ 1] [Tl c (t- 1) - 2c + 1] = 0 
From this, we can deduce the expression for optimum pressure ratio pertaining to maximum cycle efficiency 
for a Brayton cycle. 

Q12 An open cycle gas turbine takes in air at 300 K and 1 bar and develops a pressure ratio of 20. The 
turbine inlet temperature is 1650 K, The polytropic efficiency of compressor and turbine each is 
90%. The pressure loss in the combustor is 3% and the alternator efficiency is 97%. Take 

c p = 1 005 kJ / kg-K and c Pg = 1.128 kJ/kg-K for air and gas respectively. The calorific value of fuel is 
42 MJ/kg. Work out the following: 

(i) Sketch the system and show the process on T-s diagram, 
li) The overall efficiency. (iii) The specific power output 

iv) The fuel to air ratio. M The specific fuel consumption. 

5 Show in general the variation of gas turbine thermal efficiency with compressor ratio for various 

turbine inlet temperatures. . , . 

(vii) What is the reason that thermal efficiency of gas turbine plant increases with decrease m 

compressor inlet temperature? 

[CSE (Mains) 2010 : 20 Marks] 

Solution: 

Given- T = 300 K. T, = 1650 K. P, = 1 bar, r p = 20. n c = %= 90%, (AP)^^ = 3% of inlet pressure, 
n -0 97 C = 1.005 kJ/kg-K, C =1.128 kJ/kg-K, CV = 42 MJ/kg 

1 'alternator “ ’ pa w 
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r p = 


^2 = 
^3 = 


Tl c = 


Zk 

T-i 

72s 


^- = 20 


20 bar 

P 2 -(AF) = 20-(0.03x20) 
19.4 bar 

72s - 7"i 


Wi 


Ya-1 

(r P ) Ya = (20)° 4/1 4 =2.35 



= 706 K 


= 0.9 = 


706 - 300 
T 2 -300 


T, = 751.1 K 


As 


pg 

J3_ 

7*4 s 

743 

^7 


1.128 = 


_ Vg R 


y 9 


-1 


1.34 


/ R, 


\ 


Yg 


0.34 

/ 19.4 ^1.34 


4s y 

777.55 K 


V 


1 


= 2.122 


0.9 = -Zi 74 


- (m F x CV) 


7-3 ~ 7" 4s 


Energy balance in combustion chamber, 

rh F CV 


T, = 864.4 K 




cc 

3 

r l 

*aC p ; 

1 

J 

(m a + m F ), C, 


^gCpgTs ^a^paJz ~ (™a + - rh a C pa T 2 

= (rh a + m F )1.128 x 1650-m a xl.005x751.1 
42000m F = 1106.34m a +1861,2m F 

iflr 


Fuel to air ratio, = 0.0275 


m. 


m. 


and 


— rh a + m F - rh a +0.0275m a = 1.0275m a 

Power output of turbine ( W T ) = m g C pg (T 3 -T 4 ) = (1.0275m a )(1.128)(1650 - 864.8) 

• = 910m a kW 

— m a Cp a {T 2 7^) - m a (1.005)(751.1 - 300) = 45335 rn kW 
= W T -W C = 456.65m a kW 

— ^net x ^alternator 


w T 

Wn 




net 

Power output 


Specific power output = (456.65m a ) x0.97 _ 456.65 x 0.97 _ 

m F 0.0275 ~ 16107.3 


= 16107.3 kW-sec/kg 
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^overall 


Bm. = (456.65 x0.97rhg) _ 0 3335 or 38 . 35 % 
0 1 m F x 42000 


_ ... . , m F m F 0.0275 

Specific fuel consumption = —— = ^ ■■■ = 0.216 kg/kW-hr 

w ne t 456.65 m a 456.65 w 

Thermal efficiency of gas turbine plant increases with decrease in compressor inlet temperature. As the 
compressor work is dependent on the inlet temperature of air. The compressor work increases with the increase 
in inlet temperature as more energy is required to compress the warm air. This increases the power consumption 
of compressor and reduces the net power output of cycle. Thus, efficiency also decreases with increase in 
inlet temperature of incoming air. 


Q.13 Draw the schematic arrangement of a simple cycle with intercooled and heat exchanger and explain 
briefly the working principle. Also draw the P-V and T-S diagrams of the cycle. Further, derive expressions 
for specific work output and the efficiency of a simple cycle with intercooled and heat exchanger. 
Draw their trends as a function of pressure ratio. 

[CSE (Mains) 2012 : 20 Marks] 

Solution: 

Simple cycle with intercooled and Heat Exchanger. 



Kel = w T - w c ) 


The efficiency of simple cycle is increased by the use of staged compression with intercooling. Let the 
compression process be divided into two stages. Air after being compressed in first stage, is cooled to the 
initial temperature in a heat exchanger, called an intercooler and then compressed further in the second stage. 
Heat is then added by combustion of gases in the combustion chamber. The hot gases then expands in a 
turbine producing power output, a fraction of which is utilized in running compressors. 

The gases rejects (Q 2 ) heat in a heat exchanger and cycle is repeated. 




work output = W T - W c 
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Compressor work, W c = W c , + Wc 2 = C p [7 2 - 7,] + Cp[r 4 - 7 3 ] = C P 7, 
For perfect intercooling, T : = T 3 


Also, 


Let ^—1 = x 


W c - CpT i 


R 


r p , N 


V ' ) 


i + Ik -2 

7 l r 3 

Y-1 




T-i 


T-i 


'2 _ 


And, 


T-i 

T± 

To 


/ P y 

r i 

Pj 


/'p v 
’2 


W = CTi 


51_5l_ 2 

L p i ? 


For W c to be minimum, = 0, P. = 7^" and IV C1 = 


Where. 


Cl _ ^C2 


Efficiency rj = 


Wfc = W Ci +W C 2 = 2 W Ci 

= 2 C p [f 2 - 7,] 
W t =C£T 5 -T s ] 

W ne, = W T - W c 

W net= C pt r 5- 7 6l-2Cp[7 2 -7 1 ] 

W ne ,= 0473-73-273 + 27,] 

IV. 


*net 


Or 

Q, = C p (7 6 -7 4 ) 

4 0 2 

n=1 "a =1 “ 


( T _ T N 
16_M 


75 _ r p v 


1 J 


Ta 


= (r P Y : and ^ =-£ = 

'3 '1 


7 4 r^' 

Ip,, 


7 . 


Zk = 

r 3 " 


'p, y ' 2 




n = 1- 


Effect of Pressure ratio on simple cycle. 

Note : As r p (increases), n(efficiency) is also increases 



T 

2* 


r ' 

,Xj 

/V 

y\ 

/ 

1 1 

r 

w, 

t 

2" 

^ J 

/ 
i / 

4 

«-prr 6 -(^)'7, 

1 

2 


4‘ 

1" 

T 



1 
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q. 14 Hot gases enter the blades of a gas turbine with a velocity of 550 rn/s and leave with a velocity of 
120 m/s. There is an increase in the enthalpy of the gases in the blade passages to the extent of 
5.1 kJ/kg. The rate of gas flow is 98 kg/min. Determine the power produced. 

[CSE (Mains) 2013 : 15 Marks] 


Solution: 

Given. V 1 = 550 m/sec, V 2 = 120 m/sec, Ah = increase in enthalpy = h 2 - h 1 = 5.1 kJ/kg, 

= 98 kg/min = 1.63 kg/sec 

Assuming the flow of hot gases through the gas turbine to be adiabatic process, 

Q = 0 


Q-W 


W 

W 


m 


m 




(hi -h 2 ) + 


1.63 


(-5.1) + 


2 J. 




1 2 J 


f 550 2 -120 2 ") 

( 2000 

J 


= 226.4885 kW 


Power produced is W = 226.4885 kW. 


Q.15 A centrifugal compressor running at 1200 r.p.m, delivers 800 m 3 /min of free air. The air is compressed 
from 1 bar, 30°C to 4.8 bar with isentropic efficiency of 0.84. The impeller blades are radial at outlet and 
the flow velocity of 80 m/s may be assumed constant throughout. The outer radius of the impeller is twice 
the inner. The slip factor may be assumed as 0.9. The blade area coefficient is equal to 0.9 at inlet. 

(i) Draw inlet and outlet velocity triangles for the impeller, and show the process on a T-s diagram. 

(ii) Calculate the input power needed, if mechanical efficiency is 95%. 

(iii) Calculate the impeller diameters at inlet and outlet. 

(iv) Calculate the impeller and diffuser blade angles at inlet. [CSE (Mains) 2014 : 20 Marks] 


Solution: 

Given: N= 1200 rpm, Q = 800 m 3 /min, (FAD) = 13.33 m 3 /sec 
(i) Inlet conditions: Pi = 1 bar, T, = 30°C = 303 K, 

Outlet conditions: P 2 = 4.8 bar, r| jsent = 0.84 l/ Fi = V F ^ = V F = 80 m/sec, 
(D 2 = 2D.,), 4» s (slip factor) = 0.9, k b (blade area coefficient) = 0.9 


^2 S _ 

(Pz) 

Y 

Ti 

1^1 J 


(r 2S = 474.3 k) 


^2 S “ 

-Ti 

Wisent 

T 2 - 

Ti 


(M ) 1,4;1 =1.565 


(T 2 -T,) 


474.3 - 30.3 
0.84 


203.928 


T 2 = (203.928 + 303) k 
T 2 = 506.9 k 

Power (ideal) = hhC p (T 2 - Tj) 
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(ii) 


rh 


1 x 10 5 x 13.33 
(287X303) 


15.32 kg/sec 


Power (ideal) = 15.32 x 1.005 x (506.9-303) = 3141.94 kW 

^mechanical — ®5 


Power Input needed = - 1 - 41 ' 94 = 3307.3 kW 

0.95 


Also, 


Also, 

(Hi) 


(iv) 


P = 3.307 mW 

Power input = m^uf 

(15 32) x 0.9 x u§ = (3.307 x 10 6 ) W 
u 2 = 489.75 m/sec 


kD 2 N 
60 

60x489.75 
ji(1 200) 

D. = ~ = 3.89 m 
1 2 


U 2 = 


d 2 = 


= 7.798 m 


V f 

tan <> = — = 
Ui 


80 
' U2 N 
2 


80 


244.875 


0 = blade angle at inlet = 18.09° 


tan p = 


< fe = 




V, 


W o 


V, 


W2_ 

u 2 


(Vw 2 ~ <t>S U 2) 


tan p = 


V* 


80 


= 10.287° 


^> s -u 2 0.9x489.75 

p = Blade angle at diffuser inlet = 10.287° 


Q.16 A centrifugal compressor running at 16000 rpm takes in air at 17°C and compresses it through a 
pressure ratio of 4 :1 with an isentropic efficiency of 82%. The blades are radially inclined and the slip 
factor is 0.85. Guide vanes at inlet give the air an angle of pre-whirl of 20° to the axial direction. The 
mean diameter of the impeller eye is 200 mm and the absolute air velocity at inlet is 120 m/s. Calculate 

k 9 

the impeller tip diameter. Take C p = 1.005 kg K : Y = 1 -4. Also draw the velocity triangles at inlet and 
impeller exit. 

[CSE (Mains) 2015 : 20 Marks] 
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Solution: 

Given: For a centrifugal compressor 

/V= 16000 rpm, r p = 4, r| = 82%, <|) s = 0.85, T, = 17°C = 290 k 

■j- 1H 1.4-1 

-|S = (r p ) v =(4) i--* =1.487 

'i 

r 2S = 290 X 1.487 = 431 k 
w c= (h 2 -h 1 ) = mc p (T 2 -T 1 ) 

w 0= mC P f 


w c = 1 x 1.005 x 


431-290' 


% = power input per kg = 172.81 kJ/kg 
Absolute velocity at inlet, ^ = 120 m/sec 



Velocity Triangle at inlet 


^i = blade velocity = 
v M = 167.55 m/sec 


kD : N 71x0.2x16000 


At exit of vanes 


Pre-whirl Angle = 20 ° 

v w, = v } sin 20 ° = 120 sin 20 ° 
= 41.04 m/sec 



v w 2 = v b 2 [Radially inclined] R 1 ^ -H 

R Kv2 H 

, I - 

V 1 / 

slip factor <f) s = -^-= 0.85 i / \ 

% j / // 

V W2 = 0 . 85 ^ j /Vv, 

^ ' /' / 

Power input per kg = v ^ - v^ v wi i£—-- 

172.81 x 10 3 = x (0.85 v^)- 167.55x41.05 = 0.85v^-6877.93 

. 7 tD 2 x 16000 

Vk = 459.78 m/s = —-- 

02 60 

Tip diameter (D 2 ) = 549 mm 


Q-17 For 


3. Rankine Cycle Nozzles 


a Rankine cycle, using usual notations, show that the thermal efficiency can be expressed as: 


•n i l~>o — hr, 1 

^ th = 1 ~ 7and the second law efficiency can be expressed as: V = *lth T H -T 0 J 

wher e, T h is the highest temperature in the entire system and T 0 is the condensation temperature. 

[CSE (Mains) 2008 : 15 Marks] 
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For boiler (IV = 0): 

.O 

: 

II 

1 

For condenser (W- 0): 


For turbine ( q = 0): 

Q>ut ~ T> 2 h 3 

W turb = h } - h 2 

Thermal efficiency of the Ranking cycle is determined from 


W r 


a 


„ _ ’''net _ i w ou! _ -i 

Ith “ ^ ~ 1 _ 1 


Q 


a 


1^2 ~~ ^3 

7?i-h 4 


The second law efficiency is defined 


as: 


Energy recovered _ -recovered 
Energy expended -^expended 


X — v 4- r 

expended heat, in pump, in 


Assuming zero energy expended in pump work, 


C “ Y 

expended heat, in 


= 1 - 


lo 

Tu 


Q r 


■^recovered ^turbine ~ ^1 ^ 2 ) 


n,, = 


w t 


turbine 


n,h 


i-v 

T H J 


Q„ 


i-Tq 


= %, 


'P’WKOtui 

Solved p apers 



First expression derived 


\Th - To 


Second expression derived 

Q.18 For compressible flows, explain with the help of diagrams, the shapes of nozzles and diffusers in 
subsonic and supersonic regimes. 


Solution: 


[CSE (Mains) 2008 : 10 Marks] 


Nozzles and Diffusers: For compressible flows, 

We have. ^ = (M 2 - 1 )— 

A v 

Subsonic regimes: 

When M < 1. i.e. the inlet velocity is subsonic, as flow area A decreases, the pressure decreases and the 
velocity increases, so for subsonic flows, a convergent passage becomes a nozzle, and a divergent passage 
becomes a diffuser. 
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Supersonic regimes: 

When the M > 1, i.e. when the inlet velocity is supersonic, as flow area A decreases, pressure increases and 
velocity decreases, and as flow area A increases, pressure decreases and velocity increases. So, for supersonic 
flow, a convergent is diffuser and a divergent passage is a nozzle. 



(M> 1 ) 




© 

© 





© 





© 


(Supersonic Diffuser) 


(Supersonic Nozzle) 


© 


© 


Q.19 “The boiler efficiency is very high as against the thermal efficiency of Rankine cycle.” - Comment on 
this statement with the help of laws of thermodynamics and schematic diagrams. 

[CSE (Mains) 2008 : 10 Marks] 


Solution: 

The way a boiler works is by heating water which is conducted through radiators, radiant floor systems or a 
coil. With a standard boiler, some of the energy that is used to heat the boiler, whether it is a fossil fuel or 
natural gas, is lost in the process of conducting Boiler efficiency is the ratio of heat actually utilized in 
generation of steam to the heat supplied by the fuel in the same period. It’s value is of the order of 75 to 80 /o. 
The Rankine cycle closely describes the process by which steam-operated heat engines commonly found in 
thermal power generation plants generate power. The heat sources used in these power plants are usually 
nuclear fission or the combustion of fossil fuels such as coal, natural gas, and oil. The efficiency of the Rankine 
cycle is limited by the high heat of vaporization of the working fluid. Also, unless the pressure and temperature 
reach super critical levels in the steam boiler, the temperature range the cycle can operate over is quite small: 
steam turbine entry temperatures are typically around 565 °C and steam condenser temperatures are around 
30 °C This gives a theoretical maximum Carnot efficiency for the steam turbine alone of about 63.8% compared 
with an actual overall thermal efficiency of up to 42% for a modern coal-fired power station. 



(a) 

Comparison of Actual and Ideal vapour 
Power cycles 



Q.20 Explain supersaturated flow in steam nozzles with the help of skeleton Mollier diagram inserting 
nomenclatures like dry saturated line, Wilson line and supersaturated zone. List also the five effects of 
supersaturation in the steam nozzles. 


[CSE (Mains) 2009 : 20 Marks] 
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en steam flows through a nozzle, it would normally be expected that the discharge of steam through the 
nozz e would be slightly less than the theoretical value. But it has been observed during experiments on flow 
o wet steam that the discharge is slightly greater than that calculated by the formula. This phenomenon is 
exp ained as follows: The converging part of the nozzle is so short and the steam velocity is so high that the 
mo ecules of steam have insufficient time to collect and form droplets so that normal condensation does not 
e p ace. Such rapid expansion is said to be metastable and produces a supersaturated state. In this state 
super saturation, the steam is undercooled to a temperature less than that corresponding to its pressure- 
onsequently the density of steam increases and hence the weight of discharge. Prof. Wilson through 

cond nmentS Sh0Wecl ^ at dry satura ted steam, when suddenly expanded in the absence of dust, does not 

on ense until its density is about 8 times that of the saturated vapour of the same pressure. This effect is 
discussed below: 

Point 1 represents initial state of the steam. The 
steam expands isentropically without any condensation 
to point 2, 2 being on the superheat constant pressure 
curve A-3 produced. At point 2 the limit of super 
saturation is reached and steam reverts to its normal 
condition at 3 at the same enthalpy value as 2, and at 
the same pressure. The steam continues expanding 
isentropically to a lower pressure to point 4 instead of 
4' which would have been reached if thermal 
equilibrium had been maintained. Consequently, 
enthalpy drop is reduced and the condition of the final 
steam is improved. The limiting condition of under¬ 
cooling at which condensation commences and is 
assumed to restore conditions of normal thermal 
equilibrium is called the 'Wilson Line'. Supersaturated flow of steam 

It may be noted that when metastable conditions prevail the h-s chart-1 diagram should not be used and 'he 

expansion must be considered to follow the law pv' =* = C , i.e„ with the index of expansion for superheated 
steam. Thus, 



Enthalpy drop = 


(n-1) 




1 - 


n-1 

f P2^~ 
P2j 


n-1 

The relationship, = (P 2 - Pi) n may be used to calculate supercooled temperature 

The ‘degree of undercooling 1 is then the difference between the saturation temperature and the supercoo ed 
temperature. 


Effects of supersaturation: In a nozzle in which supersaturation occurs the effects may be summarised as 
follows: 

( I ) There is an increase in the entropy and specific volume of steam 

( II ) The heat drop is reduced below that for thermal equilibrium as a consequence the exit velocity of steam s 
reduced. 

(in) Since the condensation does not take place during supersaturated expansion, so the temperate at 
which the supersaturation occurs will be less than the saturation temperature corresponding to the pressure 
Therefore, the density of supersaturated steam will be more than that for the equmbnum cona tions wnc^ 
gives the increase in the mass of steam discharged 
(iv) The dryness fraction of steam is improved 
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q_21 With the help of schematic and T - s diagrams explain a reheating Rankine cycle. State its advantages 
over ordinary Rankine cycle and define the reheat factor. 


[CSE (Mains) 2009 : 20 Marks] 

Solution: 

Reheating in Ranking Cycle: Increasing the boiler pressure can increase the thermal efficiency of the Rankine 
cycle, but it also increases the moisture content at the exit of the turbine to an 


unacceptable level. To correct this side effect, the 
simple Rankine cycle is modified with a reheat process. In 
the reheating Rankine cycle, steam is expanded 
isentropically to an intermediate pressure in a high-pressure 
turbine (stage I) and sent back to the boiler, where it is 
reheated at constant pressure to the inlet temperature of 
the high-pressure turbine. Then the steam is sent to a low- 
pressure turbine and expands to the condenser pressure 
(stage II). Refer schematic and T-s cycle for reheat Rankine 
cycle as below. 




5-1 shows the formation of steam in the boiler. The steam as at state point 1 (i.e., pressure p and temperature 
TJ enters the turbine and expands isentropically to a certain pressure p 2 and temperature T 2 . From this state 
point 2 the whole of steam is drawn out of the turbine and is reheated in a reheater to a temperature T 
(Although there is an optimum pressure at which the steam should be removed for reheating, if the highest 
return is to be obtained, yet, for simplicity, the whole steam is removed from the high pressure exhaust where 
the pressure is about one-fifth of boiler pressure, and after undergoing a 10 % pressure drop, in circulating 
through the heater, it is returned to intermediate pressure or low pressure turbine). This reheated steam is then 
readmitted to the turbine where it is expanded to condenser pressure isentropically. 

Advantages of ‘Reheating: 

1. There is an increased output of the turbine. 

2 . Erosion and corrosion problems in the steam turbine are eliminated/avoided. 

3- There is an improvement in the thermal efficiency of the turbines. 

4. Final dryness fraction of steam is improved. 

3- There is an increase in the nozzle and blade efficiencies. 

Reheat factor: It is defined as the ratio of cumulative heat drop to the adiabatic heat drop in all the stages of 
the turbine. The value of reheat factor depends on the type and efficiency of the turbine, the average value 
being 1.05. 

Cumulative heat drop 
Reheat factor = Adiabatic heat drop 
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combined cycle with two pressures heat recovery 
[CSE (Mains) 2010 : 10 Marks] 


Solution: 

Steam/Gas combined cycle with two pressures heat recovery steam generator 
(HRSG). 

(i) The dual pressure steam generator which is used to supply a two-stage 
steam turbine (HP and LP stages). There are two separate boilers, within the 
boiler casing, namely, the high pressure (HP) boiler which supplied the HP 
turbine, the exhaust steam from the HP stage of the turbine is then directed to 
the LP turbine. Steam from the LP boiler is directed to the LP stage of the 
turbine. Each boiler comprises the usual economiser, evaporator and 
superheater sections. 


(ii) 



Exhaust gas 
to stack 



s 


Advantages of combined cycle: 

a. It produces high power outputs at high efficiencies (upto 
55%) and with low emissions. 

b. Fewer moving parts and less vibrations than a 
reciprocating engine. 

c. High operating speeds. 

d. It can run on a wide variety of fuels. 

e. These are more suitable for rapid start and shutdown 
than steam power plant. 

The cooling water requirement of combined cycle plant 


f. 

g- 

h. 



is much lower than the normal steam turbine plant having same capacity output. 

It has advantage of low operational personnel. 

It has the advantage of high ratio of power output to the area occupied. 

Maintenance duration (down time) for such combined cycle plant is significantly low. 


Q.23 Air at the rate of 35 kg/s flows through a nozzle in which a normal shock occurs in the diverging 
section down-stream of the throat. The nozzle has an area of cross section equal to 40 cm 2 at the 
section of shock. The pressure and velocity of fluid just before the shock are 2.5 bar and 480 m/s 
respectively. Find the Mach number, pressure and temperature after the shock. Comment on the 
resu l ts Normal shock table: 


M, 

m 2 

P 2 /Pi 

hIT i 

P 2 ^ Pi 

*02 ^ *01 

1.42 

0.7314 

2.1858 

1.2676 

1.7243 

0.9531 

1.43 

0.7274 

2.2190 

1.2742 

1.7416 

0.9503 


[CSE (Mains) 2010 : 20 Marks] 
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Solution: 

Given: 

Converging - Diverging Nozzle 

w - 35 kg/s, A s = Cross-sectional area at the section of 
shock = 40 cm 2 

Before shock: P x = 2.5 bar, V x = 480 m/sec, 

M x = Mach number 


Converging - Diverging Nozzle 



After shock. P r T yy V^and M y are pressure, temperature, velocity and mach number respectively. 
As ' rh = pAV 


35 = P A v x 

35 = p x (40 x 10- 4 ) x 480 
P* = 18.23 kg/m 3 

Note: Density of air cannot be of such value. Therefore mass flow rate 


[v A x = A y = A s = 40 cm 2 ] 


(This is absorb value) 
(assumed) as 3.5 kg/sec 


Also, 


3.5 = p x (40 x 10” 4 ) x 480 
p x = 1.858 kg/m 3 
p , = p* p L 


Also, 


T = 


M = 


M 2 = 


2.5 xIO 5 ^ 
1.858x287 


= 468.82 K 


480 


J4___ 

y{W x 7\.‘ 4x287x468.82 ' 1,106 
2 


Mt + 


izi. (1 -1° 6 ) 2 + ~~ 


y 2 y , 2 x 1.4 


= 0.907 


Y-1 


■Mt -1 


0.4 


-(1.106)"-1 


Also, 


Py = 1 + y M 2 x _ 1 + 1.4(1,10 6) 2 2.7125 

P x l + yM 2 y 1 + 1,4(0.907) 2 “ 2.1517 

P y = 1.26x2.5 = 3.151 bar 


And, 


T v ( P v ffM y f r3.15lf 


T 


V * J 


M v 


2.5 


) 


0.907 

1.106 


L = 1.0687 x 468.82 = 501.052 K 


1.0687 


After the normal shock, mach number becomes less than unity (subsonic), pressure and temperature increases 

Q '24 Steam enters a nozzle operating at steady state at 40 bars, and 400°C and 10 m/s. Steam flows 
through this nozzle with negligible heat transfer and change in potential energy. Steam exits at 
15 bars and 665 m/s. Mass flow rate is 2 kg/s. Compute exit area of the nozzle. 1 

Given data for steam at 15 bar: 


T(°C) 

(kJ/kg) 

V(m 3 /kg) 

250 

2923.9 

0.15201 

300 

3038.2 

0.16971 


an d Enthalpy of steam at inlet 3214.5 kJ/kg. 


[CSE (Mains) 2011 : 20 Marks] 
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Solution: 

Given: Inlet conditions : P 1 = 40 bars, T 1 = 400°C, ^ = 10 m/sec, m = 2 kg/sec, - 3214.5 kj/kg 
Outlet Conditions: P 2 = 15 bars, V 2 = 665 m/sec . 

As the steam flows through nozzle with negligible heat transfer and change in poten la energy, so from 
steady flow energy equation: 


V 2 


V 2 


hi + 4- = h,+%- 


h 2 = 3214.5 + 


10 2 -665 2 
2000 


= 2993.44 kJ/kg) 


Using Table, 

Let A 2 be the exit area, 


( 3038.2-2923.9 \ w n iq9ni ^ 

<^- 29239 > - i o.16971-0.15 2mJ (y2 ~ a1520 ) 


(V 2 = 0.16277 m 3 /kg) 

A 2 V 2 = (mv 2 ) 

A 9 V 9 = (2 x 0.16227) m 3 /sec 


(2x0.16227 ) = 4 8Q5><10 -4 m 2 = 489 55 mm 2 
2 665 


Q.25 Air is supplied to a convergent-divergent nozzle with a static temperature of 300 K, static pressure of 
5 bar and a velocity of 150 m/s. The inlet area of the nozzle is 10 cm 2 . A normal shock occurs at a 
section of the nozzle where flow Mach number is 2. The flow Mach number downstream of shock 
corresponding to Mach number 2 is 0.577. The flow Mach number at the exit of the nozzle is 0.4. 
Considering isentropic flow before and after shock and using isentropic flow relation for A/A* and 
Mach number provided below, find: 

(i) throat area of the nozzle 

(ii) area of the nozzle where shock occurs 

(iii) exit area of the nozzle 

(iv) loss of stagnation pressure across shock. 

Sketch the variation of pressure and Mach number along the length of the nozzle: 


[CSE (Mains) 2011 : 30 Marks] 


Solution: 

Given : A convergent -Divergent Nozzle. 

Inlet Conditions : 

T, = 300 K, P 1 = 5 bar, V 1 = 150 m/sec, A 1 = 10 cm 2 
Considering isentropic flow before and after shock, 


Mi 


Vi 


Vo 



__ 150 
74x287x300) 


M 1 = 0.432 


= 1 + 


Y-1 


^01 = 


T 0 , “ ^02 


l ^ J 

311.2 K 
311.2k 


mf 


= 1 + (-~—)(0.432) 2 



Also, 
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= . 7 ^) T ° = (^) X311 ' 2 = 25933K 


T m Y ,H f311.2f ,04 > 


P m = 5.684 bar 


si _ r 2 


1.4 
2 ^ 0 A 


0.528 


P - 0.528 x 5.684= 3 bar 


m = m 


= pAW 
PA ( p* 

- \w aV 


3^]x10x150 = S -4) x 287x259.33 


A* = 6.7 cm 2 

(') Throat Area of nozzle, A* = 6.7 cm 2 

A normal shock occurs where Mach number is 2. 


From Table, 


When M = 2 




= 1.688 


So, Area of nozzle where shock occurs 

A = (1.688 x 6.7) cm 2 

(II) A = 11.3096 cm 2 

At exit, (M = 0.4) 

and A = 159 

(III) A = 1.59x6.7= 10.653 cm 2 

Let conditions upstream and downstream of shock are represented s 


-f = 1 + 

'3 


9s. _ 



1+P4-V =* 18 

\ c. J 


(Shock wave) 


r 3= ll ^= 172 - 88 K 


l/ 3 = M 3 JyMz = 2-s/l .4x287x172.88 =527.13 m/sec 

= m 3 (mass flow rate is constant) 


Pi^1^1 ~ P3^3^3 

kh - 
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(3§o) x10x150 = (i^) x11 ' 3096x527 ' 13 


P 3 = 0.725 bar 


and, 


and 


03 


v 1 *, 


3ii.2 y 
172.88 t 


1.4 

.4 


P 03 = 5.673 bar 


V A = M Ay [yRT A 


k- = i+ 

/ A 


Y-1 


^ o ( 

| Ml = 1 + 

V 


il_T)(0.577f 


7 4 = 291.77 k 

^4 = 


0.577 x Vi -4 x 287 x 291.77 = 197.56 m/sec 
m 3 = m 4 

/j_ 1 + yM| 1 + (1.4x2 2 )_6T>_ 


P 3 1 + Y M 2 A 1 + (1.4x0.577 2 ) 1-466 

(P 4 = 4.5 x 0.725 = 3.263 bar) 


= 4.5 


and 


'04 

P 


M 

311.2 V-4 


4 v 291.77 J 


P 04 = 4.088 bar 


(iv) Loss os stagnation pressure across shock, 

AP 0 = P 03 - P 04 = 5.673 - 4.088 = 1.584 bar 
Variation of pressure and Mach number along the length of nozzle 



Q.26 A steam power plant runs on an ideal reheat-regenerative Rankine cycle. Details are given in Figure. 
Steam at turbine inlet is at, 150 bars and 600°C. Condenser pressure is 0.10 bar. Steam exiting the 
HPT is at 40 bars. This steam is split in two parts, y and x. Part x is reheated at the same pressure to 
600°C and sent to LPT. Part y is condensed completely in CFWH and it is pumped to 150 bars before 
it mixes with the flow at same pressure. A fraction of steam, z, is extracted from LPT at 5 bars. Assume 
steam output of boiler as 1 kg/s for ease of computations. Determine: 

(i) fraction y (ii) fraction z (iii) thermal efficiency of the cycle. 

Given data is 


h y = 191.81 kJ/kg 

h 2 = 192.30 kJ/kg 

h 9 = 3155.0 kJ/kg 

h 10 = 3155.0 kJ/kg 

h 3 = 640.09 kJ/kg 

h A = 643.92 kJ/kg 

h u = 3674.9 kJ/kg 

h 12 = 3014.8 kJ/kg 

h 5 = 1087.4 kJ/kg 

h Q = 1087.4 kJ/kg 

h 13 = 2335.7 kJ/kg 

w = 0.49 kJ/kfl 

pumpl , in , n 

h 7 = 1101.2 kJ/kg 

h e = 1089.8 kJ/kg 

^pump 2 = 3.83 kJ/kg 

w ,= 13.77^9 

pump3 




Reheater 
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B 

HPT 

LPT 

C 

OFWH 

CFWH 

MC 

PI 

P2 

P3 


Boiler 

High pressure turbine 
Low pressure turbine 
Condenser 

Open feedwater heater 
Closed feedwater heater 
Mixing chamber 
Pump 1 
Pump 2 
Pump 3 


Fig.: Schematic of steam power plant 



P3 


Solution: 

Steam output of boiler 
So, x + y 

Heat balance for CFWH 

M lo-ffe) 
V( h io-^) 
y(3155-1087.4) 
2067.6y 

y 

and x 

Heat Balance for OFWH 
Z(/i| 2 - h 3 ) 
43014.8-640.09) 
2374.71 Z 
Z 


P2 PI 

[CSE (Mains) 2011 : 


30 Marks] 


= 1 kg/sec 



Thermal Efficiency of the cycle, 


368.53-447.79Z 
0.13 kg/s 


“Hr = 


W. 


net 


Q^ 

1 ( h 9 ~ ^lo) + i-h, 2 ) + {x- z)(h 12 - h 13 ) 

Wt = 1 (3155 - 3100) + 0.823(3674.9 - 3014.8) + (0.823 - 0.13)(3014.8 - 2335 71 


w T = 


Note : In question value of h 10 is given same as value of h s , it is impossible. So, assuming~value 
(h 10 = 3100 kJ/kg) 

W T = 55 + 543.26 + 470.6163 
W T = 1068.876 kJ 


W n = 


w p\ + 


^ + 


W, 


P3 


w. 


Wp = (0.823-0.13)(0.49) + (0.823)(3.83) + 0.176(13.77) 

W D = 5.915 kJ 

W T - W p = 1068.876-5.915 = 1062.96 kJ 
Heat added, Q,' = Mh Q -h Q ) + x(h 11 -hj 

(3155 - 1089.8) + 0.823(3674.9 - 3100) = 2538.34 kJ 
W^, 1062.96 


Q< = 




cycle 


y nef __ 

Q-, 2538.34 


= 0.4187 or 41.87% 
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Q.27 A small power plant produces 25 kg/s steam at 3 MPa, 600°C in the boiler. It cools the condenser 

OC©an water nnminn in at -\0°C' anrl pfitnm -«cor> PAn^nnoor avit ic FinH 


ocean water coming in at 12°C and return at 15°C. Condenser exit is 45°C. Find 
(i) net power output. (jj) required mass of ocean flow water. 

—. . iICnO 


Given: h^° 0 c = 188.4 
Psq? = 9-59 kPa 
^^MPa = 7-50 kJ/kg-K 


V y = 0.001 m 3 /kg 
= 3682 


Solution: 


[CSE (Mains) 2012 : 20 Marks] 


Given : m s =25 kg/sec, T,= 600°C, h, = 3682 kJ/kg, J 

S 1 = 7 - 50 kJ/k 9 K = S 2 . h 3 = = 188.4 kJ/kg-K, v 3 = 0.001 m 3 /kg I 0 mPa) 

W p = Pump work = vdp 4(7 \ 

% = 0.001 x [3 x 10 6 - (9.59 x 10 3 )] x 10 “ 3 = 3 kJ/kg / _ \ 

h^- h 3 = W p = 3 kJ/kg / 3 ( 9.59 kPa) 2 ' 

\= h 3 +3=> 188.4+ 3 = 191.4kJ/kg I--~-—- 

Heat added, Q 1 = h : - h 4 = 3682- 191.4 = 3490.6 kJ/kg 
s, = S 2 = 7.50 = S F + ^ 2 S, g 
7.50 = 0.6386 + x 2 (7.5261) 

X 2 = 0.91 
h 2 = hf + x 2 h lg 

h 2 = 188.42 + 0.91 (2394.8) = 2367.68 kJ/kg 
w t = (hy - h 2 ) = 3682 - 2367.68 = 1314.32 kJ/kg 

^net = W T -W P =(1314.32-3) kJ/kg = 1311.32 kJ/kg 

(i) Power output, W net = 25 x 1311.32 = 32.78 MW 

(ii) Let the required mass of ocean water be rh 

W ' 

Op => 25 x (2367.68 — 188.4) = 54.482 MW 
Als °. 0 R = m w C P (AT) 

54.482xIO 6 = m w x4.18x10 3 x (15- 12 ) 
m w = 4344.6 kg/s 

Q.28 With the help of T-s diagrams, differentiate between Carnot and Rankine vapour cycles State the 
advantages of Rankine cycle and derive the expression for its thermal efficiency. 

0 . . [CSE (Mains) 2013 : 15 Marks] 

Solution: 

Difference between Carnot and Ranking Vapour Cycles: Although the carnot cycle has the maximum 
possible efficiency for the given temperature limits, but it is not suitable in steam power plants. Rather. 
Rankine cycle is preferred in steam power plants. Consider Rankine and Carnot cycles on the T-S diagram 
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The reversible adiabatic expansion in the turbine, the constant temperature heat rejection in condenser, and 
the reversible adiabatic compression in the pump, are similar characteristic of features of both the rankine 
and carnot cycles. But whereas heat addition process in the Rankine cycle is reversible and at constant 
pressure, in the carnot cycle it is reversible and isothermal. The thermal efficiency (r|) of carnot is greater 
than Rankine thermal efficiency. But the carnot cycle cannot be realised in practise because the pump work 
is very large. Whereas in diagram (a) and (c) it is impossible to add heat at infinite pressures and at constant 
temperature from state 4C to state 1. In figure (b) it is difficult to control the quality at (3C), so that the 
isentropic compression leads to saturated liquid state. Advantages of Rankine cycle are 

1 It minimizes the pump work. Thus, the net output of cycle increase. 

2. It increases the efficiency by increasing the pressure inside the boiler by increasing temperature, in 
Carnot, it is showing at constant temperature which is not possible. 

Rankine cycle 

Let the mean temperature of heat addition 


^i = 



where J 2 is temperature of heat rejection. 

The lower is the T 2 for a given T mV the higher will be the efficiency of Rankine cycle. 

^1 rankine ~ 

The higher the mean temperature of heat addition, the higher will be the cycle efficiency. 

0.29 A combined cycle power plant operates with mercury and steam cycles. Mercury cycle is superimposed 
over the steam cycle operating between boiler outlet condition of 40 bar and 400°C (h = 3215 7 kj/ka 
and s g = 6.713 kJ/kg-K) and condenser temperature of 40°C. The heat released by mercury condensing 
at 0.2 bar is used to impart the latent heat of vaporization to the water in steam cycle Mercury turbine 
receives mercury as saturated vapour at 10 bar. Calculate the mass of mercury circulated D er unit 
mass of water and the efficiency of this binary cycle. 

Properties of saturated mercury and steam are: 


Solution: 

Given: 


As, 



(P) bar 

T(°C) 

Enthalpy 

f (kJ/kg) 

Entropy (kJ/kg-K) 

Sp. volume (m 3 /kg) 



h 9 

s f 

s fl 

v f 

v 9 

Mercury 

10 

515.5 

72.33 

363 

0.1478 

0.5167 

80.5 x 10 -6 

0.0333 

0.2 

277.3 

38.35 

336.55 

0.0967 

0.6385 

77.4 x kt 6 

1.163 

Steam 

0.074 

40 

167.5 

2574.4 

0.572 

8.258 

0.001 

19.546 


[CSE (Mains) 2013 : 35 Marks] 


= 3215.7 kJ/kg 
S 1 = 6.713 kJ/kg-K 
S 1 = S 2 = 6.713 
6.713 = S F + x 2 S fg 
6.713 = 0.572 + x 2 (8.258 - 0.572) 
x 2 = 0.8 

h 2 = h f + xh fg = 167.5 + 0.8(2574.4 -167.5) 
h 2 = 2093.02 kJ/kg 



(400°C) 


S 
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= 167.5 kJ/kg 
and (V^) = v f (AF) 

= [167.5 + 0.001 (40-0.074) x 100] kJ/kg 
= 171.5 k3/kg 

= 1087.31 kJ/kg [F 

^6 = 2801.4 kJ/kg 

For mercury cycle: 

h a = 363 kJ/kg 
S a = 0.5167 kJ/kg 

S a = S b = 0.5167 = 0.0967 + x b (0.6385- 0.0967) =>(x b = 0.7751) 
h b = (hf) b + x b (hfg) b = 38.35 + 0.7751(336.55-38.35) = 269.48 kJ/kg 
h c = 38.35 kJ/kg = h d 
(Neglecting small mercury cycle pump work) 

Let mass of mercury circulated per kg of steam be m. 

From energy balance, 

= 1 x(h e -h 5 ) 


ft**** 

So| ved P apers 


[From steam table] 


m - I ^6 ^5 I I 1 •*+ - ivjo/ .011 

Ufa -h c J “ { 269.48-38.35 J = 7,4159 k 9 H g/kg H 2 0 

°i = m ^a-^) + 1(/ii-/7 6 ) + 1(/l 5 -^ 4 ) 

= 7.4159(363-38.35) + (3215.7-2801.4) + (1087.31 - 171 5) 
Heat added, Q 1 = 3737.68 kJ/kg 
Heat rejected, 0 2 = h 2 -h 3 

Q 2 = (2093.02- 167.5)kJ/kg = 1925.52 kJ/kg 


2801,4-1087.31 

269.48-38.35 


^combined cycle 1 


Q 1 l 2 


1925.52 

3737.68 


= 0.4848 or 48.5% 


Q ' 30 exchanger tube! at 3 “ SSTi" ^ 3 “ 

entering the concentric tube of a parallel-flow heat exchanged at 286 K Asri 1' 6 ^ 5' 500 k9/ T 

coefficient of 475 W/m*K. latent heat of oil as 600 kJ/kg K, calculate the nuTer ofTubes ol 

25 mm outer diameter and 2 mm thick with a length of 4 87 m What win ho * h <. „ I ?? ® q 

if cooling water velocity should not exceed 2 m/s? Take C f^wZ Is 4 18 k il x"" T TT 
as 1000 kg/m 3 p er as 4 ' 18 kJ/k 9 K and density of water 


Solution: 

Given : 


[CSE (Mains) 2014 : 20 Marks] 


P, = 1 bar, 7, = 288 k, P 2 = 2 bar, T t = 1700 K, n c = 0.87, tu= 0.88 n - 09 7 

< A ^combus,e, = 0-4bar • hoc™0-97 

F* 4 = 2 - 0.4 = 1.6 bar 
P 5 = 1 bar 

{W T ) = 350 mw T 3^^ 

2S Jr 

CV = calorific value = 42 MJ/kg f/ 

(^p^air — (^p)gas = 1*095 kJ/kgk, y= 1.4 / c 


4> (SP) 
s* y 

JT* 



P 2 I v ( 2 Vi 4 

= taJ = LJ 
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r 2.- 

n c 


<Wl>“ 

To = 


351 k (As f, = 288 k] 

hs ~ 

Wi 
351-288 


= 0 87 


(351-288) 
' l 0.87 J 


0.87 
360.5 k 

Tel 1 


= 72.5 


5S 


Tgjl 1 4-1 


= 1.143 


^5S _ 


n r = 0.88 = 

<W 5 ) 

T 5 

%E. 


1700 


1.143 1.143 

Ta-T,, 


= 1486.38 k 


^3 ^2 


To = 


Power developed by turbine 
(rh a + m f )x 1.005 x (1700-1512) 


^4 “ ^5S 

0.88(1700-1486.38) 

1512k 

0.97 = 7a ~ 72 

W 2 

0.97(1512-360.5) 

1477.5k 

(rh a +m f )C pg (T 4 -T 5 ) 
350x10 3 


m a + m f 
Heat released 
m f x CV. x n comb 
liif (C.V. x r| comb — Cp a T 4 ) 

m f [42 x 10 3 x 0.97 - 1.005 x 1700] = m a x 1.005 x (1700 -1477.5) 

m a 


1852.45 kg/s 
Enthalpy rise of gas 
(m a + m t )C pg T A - m a C pa T 3 

4 — ^ 3 ) 


m a , Cp. 


c.c 


(m a + m f ) : Cp q 


As, 


Mf 

m a = 


174.5 kg/s 

10.55 kg/sec ) 

1842.25 kg/sec J 

Compressor Power Input = WaCpaih - 7~l) 

= 1842.25 x 1.005 x (360.5 - 288) = 134.24 MW 
W T -W C = 350 - 134.24 = 215.76 MW 
Wnet 215.76 


Ket = 


Work ratio = 
0 1 (Heat added) = 

Oi = 

^thermal — 


350 


= 0.616 


W T 

rin f x C.V . x T| comb 

10.55 x 42 x 0.97 = Q, = 429.8 MW) 

Kei = 215 7 -^ = 0.5019 or 50.19% 
0 1 429.8 


m. 


L _ 


10.55 


Specific fuel consumption - w 


W net 215.76 x 10" 


x 3600 kg/kw.h =0.176 kg/kw-hr 
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Q.31 Derive an expression for critical pressure ratio of a nozzle. Explain the phenomenon of choking in the 
nozzle. 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 

Expression for critical pressure ratio of a nozzle: 

(a) Consider the isentropic flow of an ideal gas through a convergent-divergent nozzle. 

Ipt 

h Q = stagnation enthalpy 
h Q = h + V®/2 

V 2 

c P (T 0 -T)=Y 

As r _ j!L 

p y — 1 


(T n - 7) = — (y-1) 
0 2y ' 


= 


T 2yRT 
Velocity of sound (c) = JyRT 


(7-1) 


From equation (1) 


5l-i = 

T 


l/W 2 = 1 + 




When M = 1 occurs at the throat, the discharge is maximum and the nozzle is said to be choked. It is 
incapable of allowing more discharge even with further decrease in exhaust pressure. This discharge is known 
as critical discharge and the properties at the throat under this condition are called critical properties designated 
by superscript (*) 

For critical pressure ratio of a nozzle, putting (M = 1 ) in equation (ii) ^ Maximum 


— = 1 + 




Also, 


v 7 



- = f-M* 

Po {7 + 1 J 

Note: Thus, critical pressure ratio for an ideal gas depends only on the specific heat ratio (y). 
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q. 32 A steam power plant operates on ideal regenerative Rankine cycle. Steam enters the turbine at 
6 MPa, 450 C (h = 3301.8 kj/kg, s = 6.7193 kJ/kg K) and is condensed in the condenser at 20 kPa 
f h ' m 251,4 kJ/kg ' 2358.3 kj/kg, v f = 0.001 m 3 /kg, s,= 0.832 kj/kg K, s fg = 7.0766 kJ/kg K). Steam 
is extracted from the turbine at 0.4 MPa (h f = 604.74 kJ/kg, v f = 0.001 m 3 /kg, h fg = 2133.8 kJ/kg, 

s f - 1.7766 kJ/kg K, s fg = 5.1193 kj/kg K) to heat feedwater heater. Water leaves feedwater heater as 
saturate liquid. Show the cycle on T-s diagram and find net work output/kg of steam, the boiler and 

t ermal efficiencies of the cycle. [CSE (Mains) 2014 : 20 Marks] 

Solution: 

Given: /? 1 = 3301.8 kJ/kg, S, = 6.7193 kj/kg-k = S 2 = S 3 

S i = S 2 = 6-7193 = S f + x 2 S fg T 
6.7193 - 1.7766 + jc 2 (5.1193) 

^ x 2 = 0.965 



h 2 = h f +x 2 h fg 
h 2 = 604.76 + 0.965 (2133.8) 
a h 2 = 2664.9 kj/kg 

A|S0, S, = S 3 = 6.7193 = 0.832 + x 3 (7.0766) 

x 3 = 0.83 

h 3 = h f + x 3 = 251.4 + (0.83 x 2358.3) = 2208.78 kj/kg 
Neglecting pump work (co p is very small) 

ASSUm,ng ' h A = h 5 = (^20 kpa = 251.4 kj/kg 

% = (^Po .4 mPa = 564.74 kJ/kg 

Energy balance for the heater gives, 

m(h 2 -h 6 ) = (1 -m)(h e -h 5 ) 
m{ 2664.9-604.74) = (1 -m)(604.74-251.4) 

(2060.16)m = (1 -m)(353.34) 

2413.5 m = 353.34 = 0.15 kg 

w t= (^i ~ h 2 ) + ^ - m)(h 2 - h 3 ) 

w T = (3301.8-2664.9) + (1-0.15)(2664.9-2208.78)= 1024 602 k J/kn 
Let pump work be w p ^ and w p ' k 6/kg 

w Pi = ( vAF) [Process 4-5] 

,aa™..(0.4x10 6 - 20x10 3 ) 

= (0.001) x-- = 0.38 kj/kg 


Similarly 


w Pi = (1 - 0.15) x 0.38 kJ = 0.323 kj 
- v(A P) [Process 6-7] 

_,(6x10 6 - 0.4x10 6 ), . 


= 0 . 001 - 


kJ = 5.6 kj 


w p = w Pi + w P2 = (0.3(23 + 5.6) = 5.923 kJ 
Wp/kg = 5.923 kJ/kg 

w net = w t~ w p= 1024.602-5.923 = 1018.68 kj/kg 
Q, = (h,~h 7 ) 

hj = h 6 + W P2 = 604.74 + 5.6 = 610.34 kJ/kg 
Q 1 = (3301.8 - 610.34) kJ/kg = 2691.46 kj/kg 


1018.68 

2691.46 


= 0.3784 or 37.84% 
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Q.33 Consider one-dimensional isentropic flow of a perfect gas. Derive an appropriate expression to show 
that the shape of the nozzle for supersonic flow is divergent in cross-section. 

[CSE (Mains) 2015 : 10 Marksl 

Qoll ■ 


Solution: 


Consider one-dimensional isentropic flow of a perfect gas. 
Stagnation enthalpy ( h 0 ) remains constant. 


on differentiating, 


Also, 

For isentropic process, (ds = 0) 


From (i) and (ii) 


h 0 = h + ~ 2 =k (constant) 


0 = dh +- 

2 

dh = -vdv 

Tds = dh - vdP = dh- — 

P 


dP 

dh = — 

P 

dP 2 dv 

— = -vdv = -v — 


dv dP 


As mass flow rate remains constant 


Also, 


m = p Av 


dp dA dv 

7 + T + T =0 


dA = _dv _ dp = dA = dP__dp _ dP\ dp 2 " 

A v P A pv 2 p p V 2 [_"* dP V 


c = v f => c 2 =^ 

V d P dp 


dA _ dP ^ v 2 


Pf- dv .. v 

2 =-and m = — 


For supersonic flow, 
From equation (iv), 

For nozzle, 


= = (M 2 -1)— 

A v v 

M> 1 


— > 0 , ( M 2 - 1 ) > 0 

v 

dA _ 

T >0 


Shape of nozzle for supersonic flow is divergent in cross-section. 
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[CSE (Mains) 2015 : 4 Marks] 


Solution: 

Factors affecting nozzle efficiency are: 

1. Friction between the fluid and walls of the nozzle, due to which the process becomes irreversible. 

2. Semi-divergence angel (a) of nozzle, when this angle (a) is large, there will be flow separation from the wall 
with the formation of eddies, which entails energy loss. 

3. The length of the nozzle. 

4. The shape of the entrance and exit sections. As the foil nozzle is formed by curved aerofoil sections. This 
nozzle has well-rounded entrance edges and sharp exit edges and possess high efficiency. 


q. 35 In a cogeneration plant, the power load is 5.6 MW and the heating load is 1.163 MW. Steam is generated 
at 40 bar and 500°C and is expanded isentropically through a turbine to a condenser at 0.06 bar. The 
heating load is supplied by extracting steam from the turbine at 2.0 bar, which is condensed in the 
processor device to saturated liquid at 2.0 bar and then pumped back to the boiler. Compute: 

(i) the steam generation capacity of the boiler in kg/hr, 

(ii) the heat input to the boiler in kW, 

(iii) the fuel burning rate of the boiler in t/h, if a coal of calorific value 25 MJ/kg is burned and the 
boiler efficiency is 88, 

(iv) the heat rejected to the condenser 

(v) the rate of flow of cooling water in the condenser if the temperature rise of water is 6°C. Neglect 
pump works. 

Draw the T-s diagram. Properties of steam: At 40 bar 500°C. 
v = 0.08643 m 3 /kg, h = 3445.3 kJ/kg, s = 7.0901 kJ/kg K. 


Psat 

Volume (m 3 /kg) 

Enthalpy (kJ/kg 

Entropy 

(kJ/kg K) 

(bar) 

v f 


h f 

h B 

s f 


2.0 

0.00106 

0.8857 

520.72 

2712.1 

1.5706 

7.0878 

0.06 

0.00101 

25.22 

149.79 

2565.79 

0.520 

8.335 


[CSE (Mains) 2015 : 20 Marks] 


ition: 

Given: h. = 3445.3 kJ/kg, S, = 7.0901 = S 2 = S 3 

s = 7.0901 = S 2 = 1.5706 + * 2 (7.0878 - 1.5706) 

x 2 — "I 

h = h =2712-1 kJ/kg 
h 2 -h 6 = h fg =h g -h f = 2712.1-520.72 
h -h 6 = 2191.38 kJ/kg 

Let the rate of steam extraction for process heating be w. 



w(h 2 -h 6 ) 

w 

As, S 1 

*3 

h 3 

Total work output w T 
w T 

5.6 x 10 3 


1.163 x 10 3 

3 

1.163 x 10 _ q 53 kg/sec or 1901.5 kg/hr 

2191.38 

7.0901 = S f + x 3 Sfg = 0.520 + jc 3 (8.335 - 0.520) 

0.84 

149 79 + 0.84(2565.79- 149.79) = 2179.23 kJ/kg 
w (hi -h 2 ) + (w s - w)(h 2 - h 3 ) 

56 x 1 0 3= w s (3445.53-2712.1) +{(w s -0.53) x (2712.1-2179.23)} 
733.2 w s + (w s -0.53) (532.87) = 1266.07 w s - 282.42 
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(i) 

Similarly. 


(ii) 


5 

^7 

a 

a. 
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4 646 kg/sec or 16726.3 kg/hr 
520 72 + 0 00106( 40-2) x 10 2 
524 748 kj/kg 

149.79 + 0 00101 x (40-0.06) x 10 2 = 153 8 kj/kg 
(w s -w)(h 1 -h 5 ) + *<b 7 -b 7 ) 

(4.646-0.53) (3445.3- 153.8) + 0 53(3445.3 - 524.748) = 15095.706 kj/ s 
15 1 mW 


******* 


V*, = 0.88 = ^ — = - 151 
m f x CV m f x 25 


= 0.687 kg/sec = 2473.2 kg/h 
= 2473.2 kg/hr = 2.473 t/h 


(>v) 

Let the water 


°2 = (^ s - w)(b 3 - h A ) = (4.646 - 0.53) (2179.23- 149.79) 
Q 2 = 8.353 MW 
flow rate in condenser be w , 

°2 = w c CfiT 2 - T : ) 


(v) 


w. 


8353 

4.187x6 


= 332 5 kg/sec 


Q.36 What are the desirable properties of a fluid to be used as a working substance in Rankine cycle based 
heat engine plant? Discuss with the help of T-s diagram. 


Solution: 


[CSE (Mains) 2016 : 10 Marks] 


The desirable properties of a fluid to be used as a working substance in Rankine cycle based plants are: 
The fluid should have a high critical temperature so that the saturation pressure at the maximum permissible 

temperature (metallurgical limit) is relatively low It should have a large enthalpy of vaporization at that 
pressure 

2. The saturation pressure at the temperature of heat rejection should be above the atmospheric pressure so 
as to avoid the necessity of maintaining vacuum in condenser. 

3. The specific heat of liquid should be small so that little heat transfer is required to raise the liquid to boiling 
point. 

4. The saturated vapour line of 1-s diagram should be steep, very close to the turbine expansion process so 
that excessive moisture does not appear during expansion. 

5. The freezing point of the fluid should be below the room temperature, so that it does not get solidified 
while flowing through the pipelines. 

6 . The fluid should be chemically stable and should not contaminate the materials of construction al any 
temperature. 

7. The fluid should be non-toxic, non-corrosive, not excessively 
viscous, and low in cost. 

T-s diagram of an ideal working fluid for a vapour power cycle. 

Some superheat is desired to reduce piping losses and improve the 
turbine efficiency. The bounded are of the cycle is almost a rectangle, 
and its thermal efficiency is very close to the Carnot efficiency. 

Q.37 A convergent-divergent nozzle receives steam at 5.0 bar, 200°C and expands isentropically into a 
space at 2.0 bar. Neglecting the inlet velocity, calculate the exit area required for a mass flow of 
0.3 kg/s in the following cases: 

(i) When the flow is in equilibrium throughout 
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(ii) When the flow is supersaturated with PV 1 3 = constant 

Calculate also for this supersaturated flow, the degree of supercooling and the degree of supersaturation. 
Properties of steam: 

At 5.0 bar and 200°C, h = 2855.4 kJ/kg, s = 7.0592 kJ/kg K, V= 0.4249 m 3 /kg 

At 2.0 bar and 7 sat = 120.23°C, h f = 504.7 kJ/kg, h g = 2706.7 kJ/kg, 

s,= 1.5301 kJ/kg K, s g = 7.1271 kJ/kg K, V f = 0.001061 m 3 /kg, V g = 0.8857 m 3 /kg 

[CSE (Mains) 2016 : 20 Marks] 


Solution: 

(i) When the flow is in equilibrium throughout; 


and 


h 0 = 2855.4 kJ/kg 
s 0 = 7.0592 kJ/kg = s 1 
s 0 = s 1 = 7.0592 

= 1.5301 +^(7.1271-1.5301) 
x : = 0.98 

h 1 = 504.7 + 0.98 (2706.7 - 504.7) = 2662.66 kJ/kg 
^ = 0.98 x 0.8857 = 0.86 m 3 /kg 
Velocity at exit (l/,) = 44.72 (h Q -h : ) V2 

I/, = 44.72(2855.4 - 2662.66) 1/2 = 620.85 m/sec 

M 

m s ^ 

03= Ax 620.85 



0.86 
A = 415.5 mm 2 

Exit area when the flow is in equilibrium, 

A = 415.5 mm 2 

(ii) When the flow is supersaturated with 

/V- 3 = Constant 


and 


As 


dh = Tds + vdp = vdp [ds = 0] 

. v 2 

h Q = n + — = constant 

dh = Vdv 
Vdv= -vdp 
PI/ 1 - 3 = Constant 
PV n = C 

Q VdV = dp^-WWdp 

( Vr - Vq 1 _ _(C) 1/n 


n-1 


p i 1 _ i/ n_p o l_ 1/ n ) 


Since V Q = o 


_ (BlTJiT* 

V 0 {pj UJ 


[where n= 1.3] 


Now, 


= 2.023 
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V R = 2.023 x 0.4249 = 0.86 m 3 /kg 


Solved Papers 


Yl_ _ ^lij[ 500 x 0.4249 -200x0.86] = 175.28 x 10 3 


V R = 592 m/sec 


^ 1 = Exitarea =—= 


mV^ = mVR _ 0.3x0.86 _ 435 Q mm2 
592 Vn 592 


0.3/1.3 


= (2.5)° 23 = 1.2346 


T " = 12346 = 383 12 k=1ia12 ° C 
(Wpi = 120.23°C 

Degree of subcooling = 120.23-1 10.12 = 10.11°C 
(^ saf )f fl =i 10 °c = 1.4327 bar 

Degree of supersaturation = — 2 bar — = 1.396 

1.4327 bar 

Q.38 Write a note on the off-design performance characteristics of a convergent-divergent nozzle. Plot the 
pressure distribution along the axis of the nozzle for different back pressures. 

[CSE (Mains) 2016:20 Marks] 
or 

Show the effect of variation of back pressure on distribution of pressure and velocity all along in a 
convergent-divergent nozzle. 


Solution: 

Performance characteristics of a convergent-divergent nozzle: 

Consider a flow through a convergent divergent nozzle. 

In the diagram, point 1 designates the condition when 

(P B = P 0 ) and there is no flow. When P B is lowered to P °' T °~^ 

P B 

the pressure denoted by 2, so that tt < ', but 

r o 

Pp p ^ 

~pT > jr ’the velocity increases in the convergent 1 

section but M < 1 occurs at the throat. The diverging \ 

section acts as the subsonic diffuser in which the 

pressure increases and velocity decreases. Point 3 

indicates the back pressure when M = 1 occurs at 

the throat but the diverging section acts as a 

subsonic diffuser. 


[CSE (Mains) 2010 : 20 Marks] 



______ 




P E = P B 


-P e >Pb 

Pb 


Point 4 indicates one another back pressure for which the flow is isentropic throughout and the diverging 
section acts as a supersonic nozzle with a continuous decrease in pressure and a continuous increase m 
velocity and (P E4 =P fi4 ). This condition of supersonic flow indicates the design pressure ratio of the nozzle-« 
the pressure ratio is lowered to 5, no further decrease in exit pressure occurs and the drop of pressure from 


P E to P B occurs outside the nozzle. 
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Between the back pressure between 3 and 4, flow is not isentropic in the diverging part, and it is accompanied 
by a irreversible phenomenon known as shocks. Shocks occur only when the flow is supersonic, and after the 
shock the flow becomes subsonic and the rest of the duct acts as a diffuser properties vary continuously 
across the shock. When the back pressure is as indicated by point b, the flow throughout the nozzle is 
isentropic, with pressure continuously decreasing and the velocity increasing. A shock appears just at the 
exit of the nozzle P b < P E . When the back pressure is increased from b to a, the shock moves upstream as 
indicated. When the back pressure is further increased, the shock-moves upstream and disappears at the 
nozzle throat where the back pressure corresponds to 3. Since the flow throughout is subsonic, no shock is 
possible. 


Q.39 A cyclic steam power plant is to be designed for a steam temperature at turbine inlet of 360°C and an 
exhaust pressure of 0.08 bar. After isentropic expansion of steam in the turbine, the moisture content 
at the turbine exhaust is not to exceed 15%. Determine the greatest allowable steam pressure at the 
turbine inlet, and calculate the Rankine cycle efficiency for these steam conditions. Estimate also the 
mean temperature of heat addition. Compare the Rankine cycle efficiency with the Carnot cycle 
efficiency operating between the mean temperature of heat addition and the condenser temperature. 
Neglect the pump work input. 

Properties of steam: 

At P= 0.08 bar and 7 sat = 41°C, h f = 173.88 kJ/kg, 

Sf = 0.5926 kJ/kg K, h fg = 2403.1 kJ/kg, s fg = 7.6361 kJ/kg K 

[CSE (Mains) 2016 : 20 Marks] 


Solution: 

As the quality and pressure are known at state 25. 

^2s = S F + x 2s Sfg 

= 0.5926 + 0.85(7.6361) 

= 7.0833 kJ/kg-K 

Also, S 1 = S 2s = 7.0833 kJ/kg-K 

At state 1, the temperature and entropy are thus known. At 360°C, 

S = 5.0526 kJ/kg.K, which is less than S v so it is in superheated state. 

From the table of superheated steam, at ^ = 360°C and S 1 = 7.0833 kJ/kg-K, the pressure is found to be 
16.832 bar (by interpolations) 

The greatest allowable steam pressure is 

P, = 16.832 bar 
h, = 3165.54 kJ/kg 

h 0 = hf + Xr,. h fn = 173.88 + 0.85(2403.1) = 2216.52 kJ/kg 
% 173.88 kJ/kg 

Neglecting the pump work input 

h 3 = h 4s = 173.88 kJ/kg 

0 1 = Heat added = h 1 - h 45 = 3165.54 - 173.88 = 2991.66 kJ/kg 
W T = h 1 - h 4s = 3165.54 - 2216.52 = 949 kJ/kg 
W = W t - W p = W T = 949 kJ/kg 

net « r 1 



bicycle 


= 949 - =0.3172 or 31.72% 

0 1 2991.66 


Let be the mean temperature of heat addition be T mV 

- h 4s 3165.4-173.88 

7m1 = Si-S As " 7.0833-0.592.6 


= 460.66 k = 187.51°C 
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Let be Carnot cycle efficiency operating between the mean temperature of heat addition and the conden 
temperature be r,^. 


^Carnot ^ y 
'm i 

7 o=7sat = 41°C^314k 

T m = 460.66 k 

Q14 

T1 Carnot = 1-^— = 31.83% 

Carnot 460.66 


Note. So, the efficiency of Rankine cycle is almost similar to that of Carnot cycle. 


•:r 


Q.40 The ratio of heat transfer to work transfer in the process of an air compressor reciprocating type is 1 / 4 . 
If the compression follows p\P = constant, what is the value of n? Derive the equation that you use. 

In such a compression process the work required is 200 kJ/kg and the specific heat at constant 
volume is 0.75 kJ/kg K. What rise of temperature is expected at the end of compression process? 

[CSE (Mains) 2001 : 20 Marks] 

Solution: 


Work done during polytropic compression is given by, 


W= \*pdV 


We have, 


PV n = C 


P = — = cv~ n 
v n 


PV = constant 


r 2 ( \/- n+1 ^' 

W= V~ n dV = C - - 

l-n + lj. 


W = PV^ n — =^1 2 - P 2^2~P^ _fl(T 9 -7j [ ) 
1-n i n ~1i 1-n 1 - n 


Heat transfer for a polytropic process is given by 


dQ = du+ PdV = C V (T 2 -TJ + = C W (T -T)- C v^~^ T 2~ T ^ 

1-n vv 2 -|_n 

= C v (T 2 -7-,)[l-^ 


0 = 


As given, 

From equation (i) and (ii), 


_T) . 

n-r 2 u 4 4 


y - n = 


Y-1 

4 
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4y-4 n = y- 1 
4 y-y+ 1 = 4 n 


1 + 3y _ 1 + 4,2 5.2 

4 “ 4 ~~ ~A~ 


.3 


Work done, W = ^ ^2^2 _ ^(^1 ~ ^2) 
n-1 n-1 

As work done during compression process is negative, 

-W = 200 kJ/kg = 

n -1 

A7 = 200(n-t) = 200(1,3-1) 

(Y-1)C U 0.75(1.4-1) UU * 

Q.41 Show that volumetric clearance efficiency of a reciprocating compressor is given by: 

T1 w =l+C/-C/{pd/psy ln ) 

where Cl is clearance ratio and suffix d & s refer to discharge and suction pressures. 

„ , . [CSE (Mains) 2001 : 20 Marks] 

Solution: 


Volumetric efficiency of the compressor with clearance is given by 


< K ci 


Actual volume of air compressed 


Swept volume of compressor 

n = v * ~ v d = ~ v c) + ( v c ~ v n) 1 Vc ~ V D 

Va~V c (V a -V c ) V a -V c 

Since the clearance ratio, 


Cl = 


V A -V C = 


Vr 


Vr 


Swept volume V A - V c 

Yc . 

Cl 


(+ M, 1+0 . 0 [i| 

vfc l + J 

If we assume the re-expansion process as pV n = Constant, then 



( Pr 


\1/n 


\ P D J 


(p \ 

1 discharge 

p 

'suction / 


tin 


So. the volumetric clearance efficiency is given by 


TV = 1+ C/-C/ 


,1 In 


V ' s 


Ql42 An axial flow compressor of 50% reaction blading has isentropic efficiency of 82%. It draws air at I7°c 
and compresses in the pressure ratio of 4 : 1. The mean blade speed and flow velocity are constant 
throughout the compressor. The inlet and outlet angles of blades are 15° and 45° respectively (angles 
Measured from axial direction). Blade speed = 180 m/s and work input factor = 0.84. Calculate 
(i) flow velocity and (ii) number of stages. 

$ 0 ,^ t CSE ( Mains ) 2002 : 30 Marks] 


Given r Q = 4. ti = 82%. 50% reaction blading i.e. R = 0.5, work factor Q = 0.84. C a = blade sped = 180 m/s 








Pteeito^ 

******* \ 


i 

i 

i 


i 

i 


inlet velocity triangle Outlet velocity triangle 

Since the stages are symmetrical, degree of reaction is 50% and also a 1 = p 1 and oc, = p 2 


Since, 


£ 

2l 

R = 0.5 


Degree of reaction, R = Sa-ftanp, + tanp 2 ) 


C a = 


180 


Temperature rise per stage is given by, 


tanp i + tanp 2 tan15° + tan45 c 


= 141.96 m/s 


aT OuC a/t „ co f . co , 0.84 x 180 x 141.96 A 
A/„ = —-^-(tan45° - tan 15°) = --(1-0.268) 


1005 


= 15.634 K 
T, 


AT - .iLfrjr i\ _ 290 M o .286 

^ overall “ D ~ ^l 4 


Y-1 

L Y 


= 0.286 


= 172.084 K 


Number of stages, n = ^^overai 1 _ 172.084 _ ^ ^ 

A7 stage 15.634 


Q.43 Discuss the effect of pre-whirl on the performance of centrifugal compressors. 

A single sided centrifugal air compressor delivers 1800 kg of air per minute. The air enters the eye of 
the impeller axially at total pressure of 100 kPa and total temperature of 290 K. The overall diameter of 
the impeller is 700 mm and it rotates at 1600 RPM. The slip factor is 0.9 and work input factor is 1.1. 
Isentropic efficiency is 85%. Calculate 

(i) power required by the compressor, (ii) pressure coefficient and 
(iii) total pressure at delivery. 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 


Effect of pre-whirl on the performance of Centrifugal compressor: 

Pre-whirl can be achieved by fixing inlet guide vanes to the compressor casing. This changes the inlet velocity 
triangles. The work capacity of the compressor decreases due to change in velocity triangle. Pre-whirl is a 
special type of motion provided to the air at the entry of the compressor. 

(i) Pre-whirl avoids shock wave formation as it reduces the relative Mach number 

(ii) It reduces losses which were to be there due to shock wave formation. 

(iii) Pre-whirl reduces the required output. 

(iv) It also reduces the pressure ratio. c 2 

Numerical Part 

Given: Power input factor, P if =1.1, Slip factor, \i = 0.9, Isentropic 

; . 1800 

efficiency, r| c = 0.85, Mass flor rate, m = 1800 kg/min = = 30 kg/s 
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Pressure at impeller eye, P 01 = 100 kPa 
Temperature at impeller eye, T 01 = 290 k 

Blade velocity at outlet, u l = ~ N = 71 x 07 x 1600 = 58 64 m/s 

* 60 60 

(i) Power required by the compressor, 

w- ^ - ~~~~ 1X iqq X ( 5 8 ' 64) 2 = 102.13 kW 

(ii) Pressure coefficient is given by, 


Cp7o,|(r p )> 

^P . .2 


P 03 

P oi 


_ 1 j T lc(^03 ^0l) ~i Y 1 


T__ - t - P ifV- u 2 _ 1.1x0.9x(58.64) 2 

03 01 __ — 


(03 refers to diffuser outlet) 
= 3.387 K 


r 14 

P 03 _ , | | 0.85(3.387) lo7 
P 0 i ' L 290 J “ ■ 

Total pressure at delivery, P 03 = 100 x 1.035 = 103.5 kPa 


11 

)lo.4 


1.035 


y p = -P 701 


0.4 

(1.035) 14 -1_ 
(58.64) 2 


= 0.8372 


(iii) Total pressure at delivery, P Q3 = 103.5 kPa 

Q.44 Air at a temperature of 300 K enters a ten-stage axial flow compression at the rate of 3 5 ka/s The 
pressure ratio is 6.0 and the isentropic efficiency is 90%. The process is adiabatic and the compressor 
as symmetrical stages. The axial velocity of 120 m/s is uniform across the stages and the mean blade 
speed is 200 m/s. Assume that the temperature change is same in each stage. d 

Determine the direction of the air at entry to and exit from the rotor and stator blades Also find th 
power given to the air. tind the 

For air, take C p = 1.005 kJ/kg and y = 1.4. 

Solution: [CSE (Mains) 2004 : 30 Marks] 

Given: T, = 300 K, r| c = 90%, m = 3.5 Kg/s, u = mean blade speed = 200 m/s, C a = = C a2 =120 m/s 

condT tGmperatUre Change ' S Same in each Stage ’ the power input may be obtain ed by considering the overall 


^entropic efficiency, r] = 


( „ > 
P2 

y 

\ Pi ; 


( 0 ) 0.286 ; 

t 2> - 

7 i 

t 2 - 

7 i 

t 2 '~ 

7"i 

T\c 


+ T-, = 523.12 K 
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500.8-300 

0.9 


+ 300 


Power given to the air, W = mC p AT 
= 3.5 x 1.005(523.12 - 300) = 784.83 kW 



oh = h 
Pi ~ a 2 


Temperature change per stage, A7 S = 


Entry to and exit from rotor : Velocity Diagram 

AT 523.12-300 


10 


= 22.312 K 


Work done/kg of air second = uAC t = 200 AC t 
Also work done/per kg of air per second = CpAT s = 200 AC, 


For symmetrical stages, 


1005x22.312 , 

AC t = -200- = 112.118 m/s 

AC, = C a (tanp 1 - tanp 2 ) 

112.118 = 120(tanp 1 -tanp 2 ) 

tanp 1 -tanp 2 = — l ^ 18 = 0.9343 


Degree of reaction, R = ^-(tanp 1 - tanp 2 ) 

, 0 A o 2 Ru 2 x 0.5 x 200 

tanp, + tanp 2 = — =-—-- 1.67 


120 


Solving (i) and (iii) 

=> 

Now from equation (ii) 
As, 


+ a 0.9343 +1.67 

tan P 2 = -g- = 1 - 3 °215 = 52.47° 

tan ^ = 1.30215 => p 1 = 52.47° 


tan p., + tan P 2 = 1.67 

tan p 2 = 1.67 - tan P n = 1.67 - i .30215 
P 2 = 20.19° 


'P'WviOm 
Solved Pape r 


... (0 


... (ii) 



Steam Engineering 4 205 


mPDEJEUSSI 

q 45 Sketch and explain the curves showing the variation of pressure ratio (or head) versus volume flow 
rate for the three types of blades generally used in centrifugal compressor. Indicate on each curve the 
stable range of operation. 

[CSE (Mains) 2004 : 30 Marks] 

Solution: 




The effect of impeller blade shape on performance Exit velocity diagrams for different shapes of blades 

The comparison of performance for the three types of vanes are made for the same volume flow rate, each 
blade having unit depth, and for the same vector value of c r2 Figure (ii) shows the exit velocity triangles for 
three types of impellers from which the relative performance of the blades can be evaluated. 
Centrifugal effects of the curved blades create a bending 
moment and produce increased stresses which reduce 
the maximum speed at which the impeller can be run. 

Good performance can be obtained with radial impeller 
blades. Backward-curved blades are slightly better in 
efficiency and are stable over a wider range of flows 
than the radial or forward-curved blades. 

The forward-curved impeller can produce the highest 
pressure ratio for a given blade tip speed; but is 
inherently less stable and has a narrow operating range. 

Its efficiencies are lower than that are possible with the 
backward-curved or radial-curved blades. 

Although all the three types can be used in 
compressors, the radial blade is used almost 
exclusively in turbojet engine applications. 

Q-46 An air compressor has eight stages of equal pressure ratio 1.35. The flow rate through the compressor 
and its overall efficiency are 50 kg/s and 82 percent respectively. If the condition of air at entry are 
10 bar and 40°C, determine: 

(0 the state of air at the compressor exit, 

('•) polytropic or small stage efficiency, 

('•>) efficiency of each stage, 

(iv) power required to drive the compressor assuming overall efficiency of the drive as 90%. 

Take C p = i .005 kJ/kg K and y = 14. 



0.2 0.4 

T)1 


06 0.8 1.0 1.2 
Relative to design value 


01 


Actual characteristics of a cantrifucjal comprossor 


Motion: 

Giverv - Stages = 8, r p = 1.35/stage, ti c = 82%, m = 50 kg/s, 


[CSE (Mains) 2005 : 20 Marks] 







at 


375.97 


= 47 K 


stage 0 

Tqq = 375.97+ 313 = 388.97 K 

5 


Density of air at inlet, p , = = - 1x10 — =1113 ka/m 3 

AT, 287x313 g/ 


Density of air at inlet, p 8 = 


Pb 


11 x 10 5 


= 5.563 kg/m 3 


RT q 287x 688.97 
State of air at the compressor exit are 11 bar and 415.97°C. 

Relation between isentropic efficiency and polytropic efficiency is given by 


t\n = 


Y=1 

r i -1 

id 

r Yn P _ 1 


0.82 = 


0.286 


If 


0.286 


-1 


0.286 


11 = 1 + 


11 ^ -1 
( 11 0 286 - 1 ) 


0.882 


= 2.2 


0.286 


log e 11 = log e 2.2 


^p = 


0.286 xln( 11 ) 


T ,; 


ln( 2 . 2 ) 

y-i 


= 0.87 or 87% 


2s 


= (r s ) 


T 2s = 313 x (1.35)° 286 = 341 K 


Efficiency of each stage is given by 


T 2s -T, 341-313 28 

r| s = T = ——-= — = 0.5957 or 59.57% 

>2 ~ T i A7 sta 47 


Wi 
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Power required to drive the compressor, 


mC p A7 0verall 50 x 1.005 x 375.97 


Power = 20991.658 kW or 20.99 MW 

q 47 A small compressor has the following data: 

Airflow rate = 1.5778 kg/s Pressure =1.6 

Rotational speed = 54,000 rpm Efficiency = 85% 

State of air at entry, P 0i = 1.008 bar; 7 0l = 300 K C p for air = 1.009 kJ/kg K. 

(i) Calculate the power required to drive this compressor. 

(ii) A geometrically similar compressor of three times the size is constructed. Determine, for this 
compressor 

I. mass flow rate, II pressure ratio, 

III. speed and IV. the power required. 

Assume same entry conditions and efficiency for the two compressors and also assume kinematic 
and dynamic similarities between the two machines. [CSE (Mains) 2005 :30 Marks] 

Solution: 

Given: Air flow rate, rh = 1.5778 kg/s, Pressure ratio, r = 1.6, Speed, N= 54000 rpm 

Let us assume kinematic and dynamic similarities between the two machines. Let subscripts 1 and 2 represent 

the small and large compressors respectively. 

(i) Actual enthalpy rise through the compressor 


= c p( r 02 -r 0l) = c p ^i MV -i = i.oo9x^(i.6 0 ^-i) 


^c[KP0^J J 

= 51.20 kJ/kg 

Power required to drive the compressor = mAh 01 = 1.5778 x 51.20 = 80.78 kW 


For the same working fluid, 


N 2 D 2 

h 2 ^ 2^01 VW 01 


Yi = Y 2 . 
N 2 D 2 = A/ 1 D 1 


/? 1 - f? 2 


AL.Bl.n-NuWOOO = 

r'l l o o 


18000 rpm 


j ,. _ m 2 -y/F?2^oi _ ^iV^iTqi 
Poi^I PbA 2 

(P 01 and remains same for the same entry condition) 

For the same working fluid, R 2 = 


(Same gas constant) 


m 1 . far. 

= —- . Hlr = —— m = 


We also have for the two 


Dt Df 


^ = 3 x1.5778 = 14.20 kg/s 


compressors 


a Pq 2 _ AhpT 

^D 2 ) 2 (NA) : 
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For the same efficiency, t\ c = 0.85 

D A/7 n? = Ah m = 1{Pr) 

ressure ratio of the large compressor is also 1.6 

P 2 _ P, 


r\ nr 


Solved Pa Perj 


A/fof A/?Df 


P 2 = *U| xP, = [-] x3 5 x 80.78 = 9 x 80.78 = 727.02kw 


V ''J \ 'J J 

For flow through a compressor cascade, show that lift and drag coefficients are given by the followinn 
expressions: 9 


C, = Z 


s\ACL» 

cj 


,_r(s) cos 3 a m ^s^cos 3 a m 

^ T - 2 — tana rn and C D = q- - r - nL 

\cj cos 2 ^ m D UJcos 2 a 1 


where 

s/c = Pitch-chord ratio AC = C - C 

a m Mean flow angle £ _ j 0 tal p ressure loss coefficient 

Solution: [CSE (Mains) 2006 : 20 Marks] 

^SarTown 

Ap 0 ~ P m ~ P 02 anc * the total pressure loss coefficient is given by 

£ _ Fq-| ~ Fp2 

l PCf „ / 


Actual pressure rise in the cascade is 

A p= F , 2 -P 1 =|(C 1 2 -Ci)-AP 0 

= pC^tanc^ -tana 2 )tana m - AP 0 

= pC a (tana-,-tana 2 )tana m —£P—^— 

2 cos 2 

Peripheral and axial component of the force on a 
blade of unit 
height are given by, 

F w = SpC^tanoi!-tana 2 ) ...(i) 

F a = SpCf(tana-| -tana 2 )tana m -^Sp-—&— 

2 COS 0^ 

The Lift ( L ) and drag force (D) are given by, 

L - F w cos a m + F s sin a m 
D= F w sin a m -F a cos a m 
The lift and drag coefficient is given by 


’la / C, 



/ ~ C 2a 

'a, = C„ 


^wis 




= -q—-— and C D = T 
L J. 


_i 




...(iii) 
—<iv) 
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L = psC|(tana 1 -tana 2 )cosa m +psC|(tana 1 -tana 2 ) 


sin 2 a m Casing 
C0Sa m 2 cos 2 a. 


q = T 


( s ^ ( c V 'I 

- -^-(tano^ -tana 2 )cosa m + 2 —1 —J- (t ana i -tana 2 ) 

c l c A J 


sin a m 
cosa m 


As per momentum equation 


- P ('s'|C| sina m 
VC.Jc 2 cos 2 a 1 


F w ™(C W :-C w2 ) = Cgps^ -C w2 ) = psC^tana! -tana 2 ) 


tano^-tanc^ = 


Cm _ AC W 


Now, expression of C L can be written as: 


sVa Tac, 


q= 2 4 l*L 


C C 


7^cosa m +2 - 


s N r C a A C w sin 2 g m f s V C a sina m 
c){C m ) C a cosa m yC J C m cos 2 ai 


sina m 


q = 2j£j(cos 2 a m )(^-' 

q = 2 (^) 00Sam) ^-^(; 


AC W Ycos 2 a m + sin 2 a r 


cos a r 


-a- cos 2 a r 


sina m 

COSOCi 


= COS( 


S )COS J d r 


c I cosa! 


s ^aC u 


q=2|^- 5 |£ 


S ^COS J dr 


c J cosai 


First expression derived 


Now, let us consider equation (i), (ii) and (iv): 


D = psCf (tano^ -tana 2 )sina m -psCf^ancti -tana 2 )tana m cosa m +-^ps_cos a 

2 cos 2 a t m 

2 IP 2 

D = psC a (tana 1 -tana 2 )(sina m -sina m ) + -^ps—cosa m 

2 cos 2 a-, 


= -^ps- 


cos 0 ^ 


-cosa m 


C D - 


2 P c Qn 


\ c A Cm J cos2 


p s |C 0 s d d m 

:COSa m = ^ - -2 ~ 

Cl cos 2 a. 


Q Second expression derived. 

•* s An axial flow compressor compresses the air up to overall stagnation pressure 10 bars with overall 
stagnation isentropic efficiency of 88%. The inlet stagnation pressure and temperature are 1 bar and 
300 K. The mean blade speed is 200 m/s. The degree of reaction is 0.5 at the mean radius with " 
angles of 30° and 10° at rotor inlet and outlet with axial direction respectively. The work done factor^ 
°-88. The hub-tip ratio is 0.4. The mass flow rate is 50 kg/s. Work out the following: 

(') Draw the inlet and outlet velocity triangles and show the compression process on T-S diagram 
(||) The stagnation polytropic efficiency 

(iii) The number of stages 

( iv ) Th e blade height in first stage of the compressor. 


[CSE (Mains) 2006 : 30 Marks] 


_2io ► _ Kmnw 

Solution: 

Given: ri = 88%, p = i 
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bar, 7 01 = 300 K, u = 200 m/s, R = 0.5, m = 50 kg/s, P 1 = 30°, p 2 = io° 

~ ^ ^ - ft 



Isentropic and polytropic efficiencies 


are related by, 


0.88 = 


r r -1 


r r r[p -1 

10°- 286 -i 
0~286 

10 np_1 


(10) p ^n ^ 206 


0.286 


log e 10 = !og e 2.06 


^ log e 10 

^ = 0286 X ^56 X100 =91.12% 

Since, the stages are symmetrical, degree of reactions is 50% and also a _ o P H 
From the velocity triangle above, u = C a (tan p i + tan 0 2 ) 1 P2 ° ^ ~ ' 


; _ u _ _ 200 

' a tan30° + tan 10 ° tan30° +tan 10 ° = 26536 m /s 


The Stage temperature rise, AT S = —^p.(tana 2 -tanc^) 


0.88x200x265.36 


(tan 30° -tan 10°) 


AT S = 18.636 K 


(D 0 286 

jT= f- ’ =(10)0 9112 =2.06 
'01 

= 300 X 2.06 = 618 K 


Total temperature rise, T 02 - 7 01 = 618-300 = 318 K 
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where, 


Total number of stages = 


Total temperature rise 
Temperature rise in one stage 

318 


18.636 

D 

1 _ 


= 17 


Density of air at inlet, p = = 2 q^° oq = 1.164 kg/m 3 

Mass flow rate, m = Flow area x Density x Axial velocity = pC a {nD m h) [h = blade height] 

m 50x10 6 


Dmh npC a 


3.14x1.1614x265,36 


= 51668.17 mm 2 


•■•(i) 


D = 

m 


D h + D t 


or, 


D t 

D m = ~ 
m 2 


3l + i 


[As given ~ = 0.4 ] 


As, 


1 4 

D = —D f =0.7D f 

m n 1 r 


m 2 

D t -D, 


h = 


h 


1-0.4 


2 2 
■>2 


D, =0.3 D f 


D m h = 0.7x0.3xDf = 51668.17 [As D m = 0.7 Df and from equation (i)] 


D? = 246038.9 


Df = 496 mm (Tip Diameter) 

Hub diameter, D h = 0.4 D f = 198.4 mm 

Blade height, h = — ^ h - - 0.3 x 496 = 148.8 mm 


Q.50 The first axial-flow air compressor stage without inlet guide vanes is operating at a speed of 15000 
r.p.m. in the atmospheric conditions of T 0 = 288 K, P 0 = 1.01 bar. The rotor mean blade ring diameter 
is 0.34 m and hub to tip ratio is 0.5. Atmospheric air enters the stage with a velocity of 150 m/s. 
Consider constant axial velocity through the stage and take stage efficiency as 0.86, mechanical 
efficiency as 0.97, work done factor as 0.97, C p = 1.005 k]/kg IK and R = 0.287 kJ/kg /K. Sketching the 
axial compressor stage with velocity diagrams and labelling with most general notations used In 
practice, determine the following for attaining relative velocity ration across rotor (de Haller number) 
of 0.73: 

(i) Mass flow rate in kg/s 

(ii) Maximum Mach number at rotor blade at entry 

(iii) Angles made by relative and absolute velocity at rotor entry and exit with axial direction 

(iv) Power required to drive the compressor 

(v) Stage pressure ratio 

[CSE (Mains) 2007 : 50 Marks] 

Solution: 


Given: T o = 288 K, P Q = 1.01 bar, C a = 150 m/s, work factor Q' = 0.97, ti s = 86%, ii m = 97% 

. ^hub ^ tip n q>i n-i 

Mean blade diameter, d m = ^ - u ‘ 34 m 
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d hub 


U 


d h + d t 
2 

d h +d t 

d h 

1.5 d t 
Tip diameter, d t 
Hub diameter, d h 

de Haller number, ^ 

W, 



W, = yjtf + u 2 = V(150) 2 + (267) 2 = 306.25 m/s (From inlet velocity diagram) 

W 2 = 0.731/1/, = 0.73 x 306.25 = 223.56 m/s 
From exit velocity triangle, 


cosp 2 


^a2 

W 2 


150 

223.56 


0.67 


P 2 

C t2 

tana 2 

«2 


cos _1 (0.67) = 47.86° 

u-W t2 =u- C a tanp 2 = 267- 150tan47.86° = 101.22 m/s 
C t2 _ 101.22 
C a2 “ 150 

34° 


Pi 


tan 1 


u 





= tan 1 


f 267 ) 

ll50j 


Increase in temperature per stage, 


60.67° 


Ans. (iii) 


Ans. (iii) 
Ans. (iii) 


AT = 


QuC a 

~c7 


Ytfinft — tan r i 0.97x267x150, 

(tanp, tanp 2 ) = -——-(tan60.67°- 


1005 


T = 


26 K = T 2 - 7, 

t Cf ono (150) 2 
Tqi ~ = ^88 - — -J _ = 276.8 K 


2 C r 


2x1005 


tan 47.86°) 


T = 


Stage efficiency, ti = 


T 2 s = 


Pressure ratio, — 
Pi 


276.8 + 26 = 302.8 K 
T? s - Ti _ T2S -Tj 
T 2 -T, AT S 


AT 


n 


^ + T,= 


26 


0.86 + 276.8 


= 307 K 


|%l V 


1.4 


Y-1 


307 

276.8 


F- 


= 1.437 
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Mass flow rate is given by. m = I(c£ - d^C.p 2 


P 2 (Density of air at exit) = -|2- - 1 ■ 01 _ x _ 1 j 437 ^ 1 ° 5 = -t 647 kg/m 3 




287x307 


m = j(0.453 2 -0.2267 2 )x 150x1.647= 29.845 kg/s 
Mach number at rotor inlet is given by 




306.25 


Power required to drive the compressor is giSy Vl 4 X 287 x 276 8 


= 0.9183 


Ans. (i) 
Ans. (ii) 


p _ ^uC a m(tan|3 1 -tan ft?) 

= 0.97x267x 150 x 29.845(tan60.67° - tan47.86°) 

0.97x1000 

Describe an^xial^w °! * Single sta 9 e axial flow fan and a multistage axial flow compressor. 
Describe an axial flow fan with its flow configuration. 


= 806.374 kW 


[CSE (Mains) 2009 : 20 Marks] 

Solution: 




Stationary ^^ 

R0 “ Y CZZj^IKZjOlZ 

ssrx ^ ^ ~\~ 

^Z 7 Z 7 Z 7 Z^Z 7 Z 7 Z 7 Z 7 


2D Meridional view of a multistage axial flow compressor 
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___Solved Papers 

Description of Axial Flow Fan. 

An axial fan is a type of a compressor that increases the pressure of the air flowing through it. The blades of 

t e axial flow fans force air to move parallel to the shaft about which the blades rotate. In other words, the flow 

is axially in and axially out, linearly, hence their name. The design priorities in an axial fan revolve around the 

esign of the propeller that creates the pressure difference and hence the suction force that retains the flow 

across the fan. The main components that need to be studied in the designing of the propeller include the 

number of blades and the design of each blade. Their applications include propellers in aircraft, helicopters, 

overcrafts, ships and hydrofoils. They are also used in wind tunnels and cooling towers. If the propeller is 

exercising propulsion, then efficiency is the only parameter of interest and other parameters like power required 

an ow rate are considered of no interest. In case the propeller is used as a fan, the parameters of interest 

inc udes power, flow rate, pressure rise and efficiency. An axial fan consists of much fewer blades i.e., two to 

six, as compared to ducted fans. Axial fans operate at high specific speed i.e., high flow rate and low head 

and hence adding more blades will restrict the high flow rate required for its operation. Due to fewer blades, 

t ey are unable to impose their geometry on the flow, making the rotor geometry and the inlet and outlet 

ve ocity triangles meaningless. Also the blades are made very long with varying blade sections alonq the 
radius. 


raw rotor and stator blades and velocity diagrams for an axial flow compressor stage and derive the 
expression for energy transfer in terms of blade speed U, axial velocity C a and blade angles. Discuss 

t e effect of variation of axial velocity along blade height on energy transfer. How the influence is 
taken into account? 


[CSE (Mains) 2011 : 15 Marks] 

Solution: 

In an axial flow compressor, air flows axially through the moving and fixed blades, with diffuser passages 
throughout which continuously increase the pressure and decrease the velocity. 

Typical blades sections of an axial-flow compressor are : 



Work done per unit mass or specific work input 

u (%-%) 

where, U = blade speed 

v w = whirl velocity 

From blade velocity diagram, = C a tanoq 

v* = C.tanaj 
Vfl = V Q = C a = Axial velocity 
W = L/C d [tana 2 -tana,] 






Blade Velocity Diagram 


where, 

So, 


m PDE EPSM 


Also, 

where, 

As. 


From (i) & (ii) 


(tana, + tanp, 
W 



tana 2 + tanp 2 ) 
UCJtanp, -tanp 2 ] 
blade angles) 

tana, + tanp, 


tanp, 


--tana, 

°a 
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■ • • (i) 


• - • (II) 


W 

w 


uc a 


-tanp 2 + 


' u . s 

--tana, 

K C . 


yj 


U[U - C a ( tana, + tanp 2 )] 


U[- Ca tanp 2 + U-C a tana,] 


Since the outlet angles of the stator and the rotor blades fix the value of a, and P 2 and hence the value of 
(tana, + tanp 2 ). Any increase in the axial velocity along blade height (C a ) will result in decrease in energy 
transfer. If the compressor is designed for constant radial distribution of axial velocity (C a ), the effect of an 
increase in (C a ) in the central region of the annulus will be to reduce, the work capacity of blading in that area. 
However this reduction is somewhat compensated by an increase in energy transfer in the regions of the root 
and tip of the blading because of the reduction of axial velocity (C a ) at these parts of the annulus. However the 
net result is a loss in total work capacity because of the adverse effects of blade tip clearance and boundary 
layers on the annulus walls. 


Q.53 Explain briefly the design and off-design characteristics of an axial flow compressor. 

[CSE (Mains) 2012 : 10 Marks] 

Solution: 

Design and off-Design characteristics of an Axial flow compressor: 

In axial flow compressor, there are three parameters on which a stage performance will depend; loading 
coefficient OF), flow coefficient (<|>) which is (C a by U) and the efficiency^). 

Consider velocity triangle for three different cases-one is a 
design condition and two off-design conditions. 

Design condition : (Normal operation) 


= u 


design 


The design condition which is normal operation has 




u 


'C 


u 


/design 


This is the rotor blade and flow entering the rotor at a velocity l/, which is 
relative velocity at an angle of (p,). 

Suppose, for a constant speed, the mass flow rate is reduced, then the ratio 




U also reduces and this 


necessarily an off-design condition, when 


( C a) 


(C.'l 

U J 

< 

(C) 


/design 


i.e. axial velocity decreases for same U. So, 


keeping U fixed, if axial velocity (Ca) reduces because mass flow rate is reduced, it leads to an increase in 
engle (p,) and as (P,) increase beyond a certain angle, it leads to positive incidence flow separation. There 
could be flow separation taking place on the suction surface of the rotor blade. There will be flow separation 
from suction surface when p, > (p,) desjgn , which occurs when flow coefficient is less than flow coefficient 
design. The other part of this off-design condition is negative incident separation which will occur when 
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u 


design 


Pieviam 

-- Solved Papers 

. i.e. when C a > (C a ) design for constant U, (f^) becomes very low and as (p.,) decreases 


s'cally a negative incidence flow separation. Therefore, when flow coefficient 
Case 1 : 


(Ca 

u 


is 


'C a ' 


u 


Case 2: 


Case 3 : 


r C ^ 


u 


/ c ^ 

V C Resign 

u 


'Ca' 


u 


v 

u 


Resign 


(Design Condition) 

(Positive incidence flow separation) 


Resign 


(Negative incidence flow separation) 

4 Explain the phenomena of surge and choking in centrifugal compressors. 

. [CSE (Mains) 2012, 16 : 10 Marks; 

Solution: J 

Surge and Choking in centrifugal compressors: 

The performance curve of centrifugal curve is in centrifugal 
compressor the operating point 'A could be obtained but a 
part of the curve between ‘A’ and ‘B’ could not be obtained 
due to surging. Surging is associated with sudden drop in 
delivery pressure and with violent aerodynamic pulsation 
transmitted through the machine. If the pressure of the air 
downstream of the compressor does not fall quickly enough, 
the air will tend to reverse its direction and will flow back in 
the direction of the resulting pressure gradient. 

When this occurs, the pressure ratio drops rapidly causing a further drop in mass flow until the point ‘A i 
reached where the mass flow is zero. Surging starts to occur in diffuser passages where flow is retarded b 
frictional forces near the vanes. Tendency to surge increases with number of diffuses vanes 

Choking : At some point ‘E’, the position is reached where no further inrraoo, • 

with further opening of the control valve. The mass flow rate is maximum and .' n . maSS ° W can be obtainei 
obtained when the Mach no corresponding to relative velocity at inlet becomes unity^ ^ Ch ° k ' n9 f '° W ' ' 

Q.55 What is the pressure coefficient of a centrifugal compressor? Derive that 
= 1 - <|>2 cot p 2 , where <|> 2 = flow coefficient. 



Solution: 

Let \|/ be the pressure coefficient and 


[CSE (Mains) 2016 : 10 Marks] 


where, 


= Flow coefficient 
(3 2 = Blade angle at outlet 
H 

= Pressure coefficient 

u 2 1 9 

H = Heat developed = 


9 


uipde Ensa 


for centrifugal compressor, 


As(V Bl = 0),(V, = V„) 
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[Axial inlet] 


V ^2 


Ko2 ^2 *^t 1^2 

H= (U2~Vf2 C0tp ? )u P 
9 


_ (u 2 -V f2 co t p ? )u P _ fu 2 - V f2 cotp 2 "I \J„ 

~ 9x(ullg) = ( u 2 j = 1 -f cot P 2 


Putting value of <|) 2 in equation (i) 


9 x (l/| / g) { 
= Flow coefficient = — 

i i 


Vp= 1 - 02 COt P; 


Q.56 In a double-sided centrifugal compressor, the following data are given- 
Overall diameter of impeller = 50 cm Eye tip diameter = 30 cm 
Eye root diameter =15 cm RPM = 15000 

Total mass flow = 18 kg/s Inlet total head temperature = 295 K 

Total head isentropic efficiency = 78% Power input factor = 1.04 
Slip factor = 0.9 

Assume that the velocity of air at inlet is 150 m/s and is axial, and remains constant across the eve 
annulus. 

Find (i) the total head pressure ratio, (ii) the power required to drive the compressor and (iii) the inlet 
angles of the vanes at the root and tip of impeller eye. Draw the T-s diagram and velocity triangles. 

Solution- [CSE (Mains) 2016 : 20 Marks] 


Given: D 2 = 30 cm, D 1 = 15 cm, N= 15000 rpm, m = 18 kg/sec 
T, = 295 k, r| jsen = 78%, ^ = 1.04, <> s = 0.9 


= V n = Vq = 150 m/sec 

T — 

T = (r p> r 
'1 

Al kD 2 N 7c(0.3)15000 

Also, u 2 = -235.5 m/sec 

Power required to drive the compressor 

= = 18 x 0.9 x 1.04 x (235.5) 

(ii) P = 0.94 MW 

Also, Power = mC p {T 2 - T-,) = 0.94 MW 


18 x 1.005 x( 7 2 - 295) = 0.94 x 10 3 



T 2 = 347 k 
Tlisen = 0.78 = 


T 2s - 7j 
Wi 


T 2s- T, = 0.78(347-295) 


T 2s = 335.56 k 


*~ 6t ( r p ) be the pressure ratio. 


335.56 

295 



= 1.56 
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7 tD,N (3.14)(0.15)(15000) = u7 75 m / se c 
U ' ~ 60 60 

Let 0 and 0 be the vane angles at root and tip of impeller eye respectively. 


tan e = — = ; 0 = 51.86° 

u, 117.75 


Also, 


%=-^- =» = <t> £ u 2 = 0.9 X 235.5 = 211.95 m/sec 


\ \ ( 150 


tan< f-^ U2 _^J f235.5 — 211.95 
<(> = 81.07° 


5. Steam Turbines 




Q.57 Show that in a 50% reaction turbine stage, the maximum stage efficiency is given by,--— 

1 + cos a 

where, a is the nozzle angle. 

CSE (Mains) 2001 : 20 Marks] 


Derive the expression for optimum ratio for blade velocity to steam velocity in the case of Parson's 
reaction steam turbine with the sketch of blade shape of a stage and velocity triangles. 

[CSE (Mains) 2010: 10 Marks] 


Solution: 



Combined velocity diagram for a moving blade of 50% reaction turbine. 

50% degree of reaction turbine stage has symmetrical stationary and moving blades. The combined velocity 
diagram for a moving blade having section 1 -1 as inlet section and section 2 - 2 as exit section is shown in 
figure above. 50% degree of reaction turbine has equal enthalpy drops occurring in stationary blade row and 
moving blade rows. 

Let us assume that turbine has more than one symmetrical stage such that absolute velocity of steam leaving 
moving blade row equals to the velocity of steam entering fixed blade. Thus, from given velocity diagram 
steam enters fixed blade with velocity C 2 while leaves it with velocity C, . In case of moving blades the relative 
velocities are to be considered i.e. velocity increasing from 1 /, to from inlet to exit. 
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Rate of work done from reaction stage can be estimated similar to that of impulse stage. 

Work done = m - U- AC w 

wher8, AC„ = + C w] = (C 1 cos cq + C 2 cos cx 2 ) 

For symmetrical blading. C 2 = V/,, a 2 = p v 

s0, A C w = C 1 cos a 1 + ^ cos p 1 

^ AC W = C 1 cos a 1 + {C^ cos a 1 - U) 

A C w = 2 C v cos a 1 - U 

Therefore, work done, W = m - U- (2 C A cos a -U) 

Diagram efficiency of reaction stage can be estimated by knowing the energy input to the moving blades and 
taking ratio of work done to energy input. 


C 2 

Energy input to moving blades, = m ~ + m 


A/2 


Vi ~Vi 


2 \ 


^ n = — ■ (Cf + V 2 -V-f) = j(C* + C*-V?),asC,=V 2 =m 


( „ ^/ 2 ^ 
c? --3- 


From velocity diagram, Vf = C 2 +U 2 -2C^Ucosa^ 

Diagram efficiency is also known as stage efficiency. 

Substituting value of in energy input expression. 

£ \r 2 ( C i 2+L,2 - 2C i Ucosa ) I = m J cf + 2UC 1 cosa-U 2 | 

in l 1 2 J l 2 


Thus, 


Diagram efficiency, r| d = 


W 

Etn 


m-D-(2C 1 cosa-D) _ 2D • (2C-| cos a - U) 


{Cf + 2 UCi cos a - U 2 j (Cf + 2DQ COS a - D 2 

m—-i 

2 


The maximum 
be estimated 


_ , . . . , U 2p(2cosa-p) 

Substituting (p) = —,ri d =——- j- 

Ci (1 + 2pcosa-p ) 

value of diagram efficiency and the optimum value of blade speed to steam 
by differentiating with respect to p and equating to zero. 


velocity ratio, p can 


=0 

dp 


or, 2 cos a - 2 p = 0 

o r p = cos oc 

Substituting ‘p’ for getting maximum value of diagram efficiency, r| d max . 

2 cos a-(2 cos a- cos a) _ 2cos 2 a 2cos 2 a 1 
t ld,max = (1 + 2 cos 2 a-cos 2 a) 1 + cos 2 a r+cos 2 ^ 


q -58 The velocity of steam entering a simple impulse turbine is 1000 m/s and the nozzle angle is 20°. The 
mean peripheral velocity of blades is 400 m/s. The blades are asymmetrical. If the steam is to enter the 
blades without shock, that will be the blade angles? 

Neglecting the friction effects on the blades, calculate the tangential force on the blades and the 
diagram power for a mass flow of 0.75 kg/s. Calculate the axial thrust and diagram efficiency. 

[CSE (Mains) 2001 : 30 Marks] 
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Solution: 


Solved Pa^ 


Given: V, = 1000 m/s, V b = 400 m/s, a = 20°, p i = P 2 (for asymmetric blade), rh s - 0.75 kg/s, k b = 0 



Blade angles, p 1 = p 2 = 32.35° 
sin 32.35° = 342 


T 

1 


^ = ,an_1 ^ 323 ?= 639 25 m/S= ^ 

& V W = C0S Pi + v# cosP 2 = 2V n cos p 1 = 2 X 639.25 x cos32.35° = 1080.07 m/s 

* v a = sin Pi + sinp 2 = 0 

Tangential thrust, = m s Al/ W = 0.75 x 1080.07 = 810.05 N 
Diagram power, W D = Tangential thrust x Blade velocity = 810.05 x 400 = 324.02 kW 

Diagram efficiency, t\ d = -- ^±91 - = 0 .864 or 86.4% 

— x0.75x (1000 ) 2 x 10 -3 


Axial thrust = m s AV a = 0 


Q.59 Steam expands in a steam turbine isentropically from inlet to exhaust having an enthalpy 

drop = 1200 KJ/kg. Assuming ideal conditions, determine the mean diameter of the wheel if the turbine 
were of: 

(i) single impulse stage, (ii) single 50% reaction stage, 

(iii) one two-row Curtis stage and (iv) ten 50% reaction stages. 

Take the nozzle angle as 18° and blade speed as 4000 rpm. 


Solution: 


[CSE (Mains) 2002 : 30 Marks] 


Given: Total enthalpy drop, A h = 1200 kj/kg, Nozzle angle, a = 18°, Blade speed, N = 4000 ram 
(i) Optimum speed ratio for simple impulse stage, ’ p 


cos a 



Vi cos a 
2 


Absolute velocity is given by, 


V? 

~2 ~ Ah => l/, = (2 x Ah) 1/2 

Vi = (2 x 1200 x 10 s ) 1 * = 1549.2 m/s 

71 ^ _ V^cosa 1549.2xcoslfl° 

60 2 " -- 

D = 3.517m 


2 
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(ii) Optimum speed ratio for single 50% reaction stage, 

p = cosa =$ u = cos a 
u = 1549.2 cos 18° m/s 
7i DN 
60 


or 


= 1473.376 


n 60x1473.376 
D = -- 7.034 m 


(iii) Optimum speed ratio for two-rwo curtis stage, 40 ” 


P = 


cosa Vi cos a 

—— or u= — 


u = 368.344 m/s 


kDN 

~60~ 


= 368.344 


D = 


60x368.344 


(iv) 


_ . , k x 4000 

Total enthalpy drop for 10 stages = 1200 kj/kg 

1200 


» 1.76 m 


Enthalpy drop for one stage = =120 kJ/kg 


Absolute velocity, V, = 44.72 (120) 1/2 = 4.90 m/s 
Optimum speed ratio for 50% reaction turbine, 


u 

— = cosa 


u = 4.90 x cos18° = 465.92 m/s 


kDN 

60 


D = 


= 465.92 
60x465.92 


7 i x 4000 


= 2.224 m/s 


Q.60 A salesman reports that he has a steam turbine that delivers 3 MW. The steam enters the turbin 
6.0 bar, 260°C and leaves the turbine at 0.15 bar and the required rate of steam flow is 12000 ka/h 

(i) Find the maximum power output of turbine to justify his claim. 9 r ‘ 

(ii) Also, verify his claim if the steam flow rate is 20,000 kg/hr. 


Solution: 


[CSE (Mains) 2003 : 20 Mark 


Given: Steam flow rate m = 12000 kg/hr 

Superheated steam property at 6 bar & 260°C: 

Saturated water property at 0.15 bar: 

Specific enthalpy, /? 1 = 2978.5 kJ/kg 
Specific entropy, s 1 = kJ/kgK 
h f2 = 226 kJ/kg 
h fg2 = 2373.2 kJ/kg 
h g2 = 2599.2 kJ/kg 
S l2 = 0.7549 kj/kg 
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Assuming ideal condition, 


S fg2 = 7.2544 kJ/kg 
S g2 = 8.0093 kJ/kg 
Si = S 2 
7.223 = S f2 + xS fg 2 

x = 7.223 - 0.75 49 _ Q 8916 
7.2544 

Enthalpy at turbine outlet, h 0 = S f2 + xS f „ 0 = 226 + 0.8916 x 2373.2 = 2341.97 kJ/kg 


'fg 2 


(i) 


Maximum power output, W = (h-, - h 2 )m = (2978.5 - 2341.97) x 


12000 

3600 


= 2121.76 kW or 2.12 MW 

Salesman claim is WRONG. 

(ii) New output for steam flow rate of 20000 kg/hr, 

W = (2978.5 - 2341.97) x 12 °° - = 3536.28 kw or 3.54 MW 

3600 

So, salesman claim is correct when steam flow rate is 20000 kg/hr. 

Q.61 Derive an expression for the blade efficiency of a single row impulse steam turbine assuming equiangular 
blades in terms of nozzle angle a,, blade velocity coefficient K and blade speed ratio. If a 1 = 20° and 
K= 0.9, what is the maximum blade efficiency and corresponding blade angles? 

If the blade efficiency is 85% of the maximum value, what are the possible blade speed ratios for the 
same nozzle angle a 1 , blade velocity coefficient, K and equiangular blades? Also, find the corresponding 
blade angles. 


Solution: 

Theory Part 


[CSE (Mains) 2003 : 30 Marks] 



Combined inlet and outlet velocity diagrams 


p = Ratio of linear velocity of blade and absolute velocity at inlet of moving blade = — 

E'l 


K = Blade velocity coefficient (Ratio of relative velocity at exist and inlet) = — 

V-\ 

Let the mas flow rate be m kg/s 


Tangential force Fj m x (change of tangential component of velocity or whirl velocity! 
= m x (-C 2 cos a 2 - C, cos a,) 

F T = -m (C 2 cos a 1 + C 1 cos c^) = -m • A C w 
Driving thrust on rotor will be reaction of this force and will be equal and opposite 

Driving thurst, F 0 = -F T 


From velocity triangles, 

(C 1 cos a, + 


F d = m(C 2 cos a 2 + C 1 cos cq) = m • AC kV 


C 2 cos a 2 ) = (I/, cos p, + V 2 cos p 2 ) 


m« DE 


ERsy 
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= & V w 


or 

Hence. F 0 = m(C 2 cos a 2 + C y cos a,) = m • (Vcos p, + V 2 cos P 2 ) 

This driving thrust can be used for getting the rate of work done on the rotor. 

Rate of work done = W= F D x U 
W= m- AC W ■ U 

Work done per unit of steam mass flow, w = U -AC 

Rate of work done will be the power produced by the turbine stage. 

W= m ■ U • (C 2 cos a 2 + C 1 cos o^) 


W= m- U■ (V, cos p 1 + V 2 cos P 2 ) = m-U V icosPi 


= m-L/(C 1 cosa 1 -1/H1 + 


^ 1+ \4cosPs 
V^cosPt } 


j 1 + 


r cosp 2 "j] 

1 

l v i J 

cosp, Jj 


W= m-U-{C, cosa 1 - L/). {1 + K■ C } 


where, 


Vo 


K = Blade velocity coefficient = 

cosp 2 

C = Ratio of cosines of blade angles = 7 « 

^ cosp-j 

For perfectly smooth and symmetrical blade both Kand C shall have unity value, 
i.e. K = 1, C = 1 

rv «■ ■ Rate of work done 

Diagram efficiency, t| D = 


^0 = 


Energy supplied to rotor 
m • U • AC W _ 2 U • A C w 


m 


Cf 


cf 


Diagram or blading efficiency = 




2 U- AC W 

cf 

2U-(C 1 cosa 1 -U)(1 + KC) J U Y (J 

c? = 2 ki C0Sa '-Q 


(1 + KC) 


U 


Here 7 T. is non-dimensional form of velocity. Let us denoted it by p 
Ci 


U 


i.e. 


p = , so, ti d = 2p (cos a 1 - p) (1 + KC) 

So, ri D = 2 p(cos a 1 - p)(1 + KC) 

Diagram efficiency can be optimized with respect to non-dimensional velocity denoted by p. This non 
dimensional velocity p is also called as ‘blade-steam velocity ratio’ or ‘blade speed-steam velocity ratio’ or 
‘blade-steam speed ratio’. 

Differentiating r| D with respect to p, we get, 

= 2 (cos a 1 - 2p) (1 + KC) 

For a perfectly smooth and symmetrical blade, K = 1, C = 1 

cfTtn 

= ^cosc^ - 2 p) 

Equating first differential to zero; 

cos a 1 - 2p = 0 
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P = 


cos a-. 


Second order differential of r| D with respect to p indicates that the diagram efficiency is maximum correspond^ 

to the blade speed-steam velocity ratio given as C °^ ai . 

Hence, maximum diagram efficiency, 

cos 2 a r (1 + KC) 


% 


max 


r _ cosa,. 

[Putting p = —— L in 


equation (i)] 


Numerical Part 

As given, 


a 1 = 20°, 

At = 0.9 


■Ha 


(cos 20°)(1 +0.9x1) 


max 


r' — eos(i- 
cosj^ 


= 0.8388 or 83.88% 


Blade efficiency, rj b = 0.85 x r| D 

( U Nl 


max 


= 0.85x0.8388 = 0.713 


% = 2 




Vi¬ 


cos - 


U 

C, 


(1 + kC) 


= 2 p (cosa 1 - p) (1 + kC) = 2 p (cos20° — p) (1 + 0.9) 
0.713 = 3.8(.94-p) 

0.1876 = p(0.94-p) 
p 2 - 0.94p + 0.1876 = 0 

p _ 0-94±7(0,94 ) 2 -4x0,1876 _ 0.94+ y/0.1332 


0.94 + 0.365 


= 0.6525 or 0.2875 


NOTE: Blade angles can be found out by drawing velocity diagrams to the scale. 

Q.62 Explain what do you understand by specific speed of a turbine. Highlight its importance. 

A centrifugal compressor develops a pressure ratio of 1.5 while running at 24,000 RPM and discharging 
2.0 kg/s of air. The entry conditions are P, - 1.0 bar and T, = 290 K. Determine the specific speed. 
Take y = 1.4, R = 287 J/kg K, C p = 1.005 kJ/kg K. M 

[CSE (Mains) 2004 : 20 Marks] 

Solution: 

Theory Part: The specific speed of a turbine is defined as the speed of operation of a geometrically similar 

model of the turbine which is so proportional that it produces 1 kW power when operating under 1 m head It 
is given by 

M W JP 

~ f,5/4 

where, P= Power (kW), N = Wheel speed (rpm), H= Heat on turbine (m) 

It is to be noted that specific speed is not a non-dimensional number but its serves its purpose 

Importance: Specific speed plays an important role in the selection of turbine. It is always better to choose 
turbines of high specific speed as it means compact size of turbine, generator, power house etc The basic 

concept of the turbine specific speed is to identify the optimum operating conditions for a given turbine 
design. 




fllPDE EHSH_ _St 

Numerical Part: 

Given: r p = 1.5, N = 24000 rpm, m = 2 kg/s, P 1 = 1 bar, r, = 290 K 

Air density at entry, Pl = JL = 1x1 ° 5 = ^ 2 kq/m 3 

1 RT-, 287x290 y 

Flow rate at entry, Q = — = — = i .667 m 3 /s 

Pi 1.2 

Rotational, co = = 271 x 24000 = 2513.27 rad/s 

60 60 
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A^og « Cp(T 2 -r 1 ) = C p r 1 < [^-| Y -r = 1005x290(1.5 a286 “ 1 ) = 35835 J/kg 

[v Pi y 

Specific speed, N = ■ 0>N ^ = 2513.27V'1.66 7 = 1 246 

(gH) 3 ' 4 (35835)° 75 


Q.63 Sketch the axial-flow turbine cascade. Show the velocity with its components at entry exit indicating 
the forces exerted by the flow on blades. State the expression of ideal lift in terms of flow angles and 
show that it is equal to pC m r, where C m is the mean velocity and r is the circulation. 

[CSE (Mains) 2007 : 10 Marks] 

Solution: 


Cascade of Aerofoils 

Cascade end walls 



c y2 

Inlet, outlet and mean 


► 


velocity triangles, and blade forces (turbine cascade) 
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A mean velocity triangle for the flow through the cascade is defined by the following quantities: 


C xm= 2 (C * 1+C * 2) 

C ym = 2 ( C y 2 ~ C yJ 


tan a m = 7 T 


For constant axial velocity, tan a m = i(tana 2 - tana-,) 
Expression for ideal lift can be written as follows: 


L = F yCOsa m + F sina m 

F y = psC^nftana! + tana 2 ) = ^ps(Cf-C?) 

From the velocity triangle at the entry and exit, 

V-cf* ci + c%-c^-c 2 y , = c 2 yz -c 2 y , o 

F = ^ps(C^-C^) = ^psC^ m (tan 2 a 2 - tan 2 a.,) 
2 1 

= psC rm -(tana 2 -tana^^anag + tana 1 ) 

But ’ ^(tana 2 - tana-,) = tana m , 


(Assuming n = q 


Therefore, 

Lift force can be expressed as, 


F psC rm tana m (tana 2 + tana^ 


L= F y cosa m +F sina m 


- P s ^rm(tana 1 + tana 2 )cosa m + psC 2 m tana m (tana 2 + tana,)sina m 

L= psC 2 m (tana 1 +tana 2 ) cosa m +- in am 

cosa m 

= P s ^m ( tan a i + tan a 2 ) sec a m 
= P sC *m sec a m (C x1 tana 1 + C 2 tana 2 ) = psC m (C + r) 

L = P^ m (C y 1 S + Cy2 S ) 

The circulation around the blade contained in the control surface is the line integral of the velocity around 
the closed circuit. This is given by 

F = C^ s + Cy^S 

The line integral along the two curved branches of the circuit cancel each other 
So, lift can also be expressed as, 

^ [Kutta-Joukowshi's relation] 

Q.64 A quarter-scale turbine model is tested under a head of 10.8 m. The full-scale turbine is required to 
work under a head of 30 m and to run at 7.14 rev/s. At what speed the model must run’ If it (model) 
develops 100 kW and uses 1.085 m 3 of water per second at this speed, what power will be obtained 
from the full-scale turbine, its efficiency being 3% better than that of model? What is the dimensionless 
specific speed of full-scale turbine? 


[CSE (Mains) 2007 : 20 Marks] 
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Solution: 

Equating power coefficients (jc term containing the power P) for the model and prototype, we can write 

—fi P 2 


p 2 n|d| 


Equating the head coefficient, 


(Subscript 1 refers to the prototype 2 refers to the model) 


H< 


Ho 


(HA ) 2 (nd 2 ) 2 


Op H. 


( u V /2 7 M \ 


For the same fluid, 


N 2 = Ax 
Pi = P 2 


Hi 

V ^2 / 


10.8 

30 


1/2 


x 7.14 = 17.136 rps (rev/s) 


Pi = 100 x 


7.14 

17.14 


(4) 5 = 7407.4 kW or 7.41 MW 


Alternatively power can be calculated as follows: 


Model efficiency = Poweroul P ut = -A 


100 


Water power input p gQH 9.81x1.085x10.8 
n 2 = 0.87 or 87% 

Prototype or full scale turbine, ri 1 =ti 2 + 3 = 87 + 3 = 90% 

p 

Full scale turbine efficiency 

Qi 


[As given in q th ] 


We know that, 


gQ,H, 

Q 2 




3 

O, = I = 1.085x Ai-x4 3 = 28.926 m 3 /s 

[ N 2 K D 2 ) 1714 


Power output (turbine) = 0.9 x 9.81 x 28.926 x 30 = 7661.78 kW or 7.66 MW 
Dimensionless specific speed of a turbine is given by 

Ns/P 7.14(7.66 x 10 6 ) 1/2 

K st - P' l2 (gHf 4 (1000) ,;2 (9.81x30) 5/4 "°' 51265 rev or 3 -221 rad 


Q-65 A reaction turbine having identical blading delivers dry saturated steam at 3 bar. The velocity of steam 
is 100 m/sec. The mean blade height is 40 mm and the exit angle of the moving blade is 20°. At the 
mean radius, the axial flow velocity equals 3/4th of blade speed. For a steam flow rate of 10,000 kg/hr, 
determine: 

(a) the rotor speed in rev/min, 

(b) the power output of stage, 

(c) the diagram efficiency, 

(d) the percentage increase in relative velocity in the moving blade due to expansion in these blades and 

(e) the enthalpy drop of steam in the stage. 

Specific volume of dry saturated steam at 3 bar is 0.6055 m /kg. 


[CSE (Mains) 2008 : 35 Marks] 
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For 50% reaction turbine i.e. for identical bladings: 

a, = p 2 , a 2 = p 2 , V 2 = C v V.\ = C 2 , a 1 = P 2 = 20°, 

3 


C = 4UC 1 = 100m/s, m = 10000 kg/hr 

d ^ I 

= C., cos a 1 = 100 cos 20° = 93.97 m/s 


From A ACD x sin ol = — 

C, 


C a = 100 sin 20° = 34.2 m/s 

4 C a 4x34.2 ^ , 

U = = —-— = 45.6 m/s 


Applying cosine rule to the A ABC: 


Now, 


= C 2 + U 2 -2C,Ucos a 1 

= (100 ) 2 + (45.6) 2 -2 x 100 x 45.6 cos 20° = 3509.363 
V A = 59.24 m/s 
BD= C w ^-U= V : cos p i 

q C w1 -U 93.97-45.6 

cosM ^_ = __ , 0,8165 

p 1 = 35.26° 

U + C w 2 = \/ 2 cos p 2 = C 1 cos a 1 

&W 2 = ^v, - U = 93.97 - 45.6 = 48.37 m/s 
Change in velocity of whirl, AC W = 93.97 + 48.37= 142.34 m/s 
Applying the continuity equation, 

nDl x velocity of flow = mass rate of flow x specific volume 

n mxV s 10000 _ 11 i 

D= -— = -x 0.6055x — x-x- = 0.39136m 


Blade speed, U = 
N = 


KlxC a 

kDN 

60 

60V 


3600 


60x45.6 


n 0.04 34.2 


nD tcx 0.39136 

Power output = — kw =--x 

1000 — 

2 


= 2225.31 rpm 


mUAC w hW = 10000^ 45.6x142.34 
1000 3600 * 1000 


= 18.03 kW 


Diagram efficiency, i\ d = 2-- 

1 + 2 pcosa-p‘ i 

U 45 6 

where, speed ratio, p = — = —— = 0.456 

C : 100 


n d = 2- 


1 + 2 x 0.456cos20° - (0.456) 2 
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n* = 2 - 


Relative velocity at the rotor outlet i 


1.649 


= 0.7872 or 78.72% 


is, 


1 / ^a 2 34.2 

V 2 = = — — = 99.99 m/s 


sinp 2 sin 20 ° 

Percentage increase in relative velnritv in the , . 

e velocity in the moving blade is given by, 


(y \ 

*i_i 


xioo = 


r 99. 

,59. 


99 

24 


1 xlOO = 68 . 8 % 


Since the reaction is 50%, then 


(Ah ( - (Afl ) _ tf-V? 99.99 2 - 59.24 2 

v 'sen >n ^''isen )h - n - = -- = 3 


2000 


24 kJ/kg 


Enthalpy drop of steam in the stage = 3.24 x 2 = 6.28 


kJ/kg 


Q.66 Draw a schematic of a pass-out turbine and explain its working, Represent the relevant process 
Enthalpy - Entropy coordinates. 


on 


[CSE (Mains) 2009 : 20 Marks] 

Solution: 

Pass out or extraction turbine: Pass out turbine refers to the steam turbine having provision for extraction of 
steam during expansion. Such provision is required because in combined heat and power requirement the 
steam available from back pressure turbine may be more than required one or the power produced may be 
less than the required value. Pass out turbine has arrangement for continuous extraction of a part of steam at 
the desired pressure for process heating and left out steam goes into low pressure section of turbine through 
a pressure control valve. In the low pressure section of turbine control mechanism is provided so that the 
speed of turbine and pressure of steam extracted remains constant irrespective of the variations in power 
produced and process heating. 

The pass out turbines have to operate under widely varying load so its efficiency is quite poor. For facilitating 
the operation of pass out turbine from no extraction to full steam extraction conditions, nozzle control governing 
or throttle control governing are used. 

In many cases, the power available from the back pressure turbine through which the whole of the heating 
steam flows is appreciably less than that required in a factory. This may be due to relatively high back 
pressure, or small heating requirement or both. Pass-out turbines are employed in those cases, where a 
certain quantity of steam is continuously extracted from the turbine at an intermediate stage for heating 
purposes at the desired temperature and pressure. 

Q.67 Give a cylinder layout of a 500 MW steam turbine and explain the reasons of double flow cylinders used. 

[CSE (Mains) 2010 : 20 Marks] 

Solution: 

Cylinder layout of a 500 MW steam turbine: 

A typical turbine of (500 - 900 MW) output in a steam power plant would have one HP turbine, one intermediate 
Pressure (IP) turbine and two (LP) turbines, rotating at 3000 or 3600 rpm, depending on the grid frequency. The 
lp and LP turbines are probably double flow type. These are double flow cylinders as the initial steam is at 
,0We r pressure and temperature, so the steam mass flow rate and volumetric flow rate are likely to be much 
higher for a given output. Thus to handle such large mass flow rate, double flow cylinders are utilized. 
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Reheater 




Generator 


Q.68 What do you understand by governing of steamturbine? 

governing with the aid of a neat sketch. Compare the throttle govern g g 

with following aspects: (i) losses, (ii) use. 

Sketch the efficiency against load with throttle governing. [CSE (Mains) 20 11 : 10 Marks] 


Solution: 

Steam turbine governing is the procedure of controlling the flow rate of steam to a steam turbine so as to 
maintain its speed constant as the load varies. The variation in load during the operation o a steam turbine 
can have a significant impact on its performance. 

The principle and working of throttle governing is: In throttle governing the pressure of steam reduced at the 
turbine entry thereby decreasing the availability of energy. In this method steam is passed through a restricted 
passage thereby reducing its pressure across the governing value. As the load decreases and the shaft 
speed increases, the stop valve is partially closed to admit less steam to the turbine and to produce less 
power accordingly to the demand. Due to restriction of the passage in the value, steam is throttled say from P Q 
to P thrott | 0 . The specific ideal output of turbine thus reduces from (fy - h 2s ) to ( h 3 - h A s). With further closure of 
the value, P thrott)e will still be less to produce a still lower output. The throttle and stop valves are located in the 
steam supply line to the turbine. The stop valve is a hydraulically operated quick acting and shutting valve 
designed to be either fully open or shut. For small turbines, the stop value may be manually operated. The 
throttle valve is used to regulate steam flow during starting or stopping. 


Oil 

■=1 , , ^ 


H 


Comparison of throttle governing with nozzle control governing 



(i) 


Losses : When throttle governing is done at low loads, the turbine efficiency is considerably reduced. 
The nozzle control is then a better method of governing. It has lesser losses due to frictional entrance of 
steam than nozzle control method where this nozzle control has large partial entrance losses. 


Uses : Throttle Governing is usually working with both 
impulse and reaction turbines whereas nozzle control 
governing is working in impulse turbine and reaction 
turbines have initial impulse stages. 

Graph of efficiency against load with throttle governing. 


Efficiency 

C _- 



Load (kW) 
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q. 69 At a stage in a reaction turbine, the pressure of steam is 34 kPa (v g * 4.65 nrVkg] and dryness fraction 
is 0.95. For a flow rate of 36000 kg/hr, the stage develops 950 kW. The turbine runs at 3600 r.p.m. and 
velocity of flow is 0.72 times the blade velocity. The outlet angles of both stator and rotor blades are 
20°. Determine at this stage the mean rotor diameter and height of blades. 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 

Given At a stage in Reaction Turbine 

v g = 4.65 m 3 /kg. .v = 0.95. m = 36000 kg/hr, Power = 950 kW, 

N = 3600 rpm. V f = 0.72 u, a = <}> = 20° 


m 

Power 


10 kg/sec 

mK,+V W2 )u 


1— 


\j _„ 

U|/ J 

r*— 


V W1 

“ V W~ 

L- 

_ 

^_ II — 






Vp 


A 

.XL 

V 

u 


v , 



tan a = —- => 


IV-| 


V, 


V WA = -2— = 2.75 V f 

tan 00° '1 


Also. 


v u 


tan 20° 

w 2 = \ cot<t >-u = v, t cot 20° - u (As v, t = v , 2 ) 

Kv 2 = V,,(2.75)-u= (2.7514, -u) 

Power = m[(2.75v f ,) + (2.75 v ( ,-u)]u 

= m[5.5v< -u]u = m[(5.5)(0.72u)-u] = m[3.96u-u]u = 2.96mu 2 
950 x 10 3 = (10x2.96)1/ 


Power 

u 


= 179.15 m/sec 


Also. 


u = 


a. = 


nD m N 

60 

60x179.15 


= 0.95 m 


7c(3600) 

Mean rotor diameter is 0.95 m 

Flow Velocity, v f = 0.72 x u= 0.72 x 179.15 = 128.9 m/sec 


Volume flow of steam 


xv g = 0.95 x 4.65 


(m x t^) 
(10x4.4175) 


hL 


4.4175 m 3 /kg 
(nD m H b )V f ^ 

(tcx 0.95 xHJx 128.9 
= 0.115m 

u 

Height of blades H b = 0.115 m 

070 A steam power station uses the following cycle: 

Steam boiler outlet 150 bar, 550°C (h = 3450.4 kJ/kg, S = 6.523 kJ/kg K); 

R eheat at 40 bar to 550°C (h = 3560.34 kJ/kg, s = 7.235 kJ/kg K); 

Condenser at 0.1 bar ( h f = 191.8 kJ/kg, h fg = 2392.05 kJ/kg, s f = 0.649 kJ/kgK, s fg = 7.5 kJ/kg K) 
Assuming ideal processes, find quality of steam at turbine exhaust, cycle efficiency and steam flow 

rate per kWh. 

[CSE (Mains) 2014 : 10 Marks] 
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Solution: 

Given: h A = 3450.4 kj/kg, S 1 = 6.523 kJ/kgK 

Reheat: T 3 = 550°C = T : ,h 3 =3560.34 kJ/kg, S 3 = 7.235 kJ/kgK 

Let the quality of steam at turbine exhaust be xy. 

S, = S 4 = 7.235 = S f + x y S lg 


or 


As, 


-'3 

7.235 


x.. = 


h y = 
/?.. = 


Wo = 


he = 


Also, 


W p - h 6 - h 5 


heat added, 0 1 

°i 

Q, 


W. 


net 


'cycle 



hr. = 


Wx = 


Wx = 


Steam rate = 


0.649+x y (7.5) 

0.878 

+ x y h fg = 191.8 + 0.878 x 2392.05 
2292.33 kJ/kg 

Pump work = v(AP) = 10" 3 x 150 x 10 2 = 15 kJ/kg 
h f = 191.8 kJ/kg 
15 kj/kg 

15 + 191.8 = 206.8 kj/kg 

(h 1 -h 6 ) + (h 3 -/7 2 ) 

(3450.4 - 206.8) + (3560.34 - 3065) [h 2 = 3065 kJ/kg from steam table] 
3738.95 kJ/kg 

(h 1 -h 2 ) + (h 3 - h 4 ) = (3450.4-3065) + (3560.34-2292.33) 

1653.41 kJ/kg 

w T - w p = 1653.41 - 15 = 1638.41 kJ/kg 
w net 1638.41 „ _ 

~t= = (043821 ° r43 - 82% 

3600 


1638.41 


= 2.19 kg/kW-h 


Q.71 Even though velocity-compounded impulse turbines are less efficient, in the initial stages of high 
pressure turbines are normally velocity-compounded. Why? Plot the variation of pressure and velocities 
in velocity-compounded and pressure-compounded impulse turbines. 

[CSE (Mains) 2014 : 20 Marks] 

Solution: 

Even though velocity-compounded impulse turbines are less efficient, but in the initial stages of high pressure 
turbines are normally velocity-compounded. The energy loss due to friction is proportional to the square of the 
velocity of a fluid (steam). Since the fluid velocity is highest for a 2-row curtis stage (velocity compounded), so 
energy loss due to friction is highest in this turbine. And these are less efficient. But in modern turbines, a 
2-row curtis stage is generally used as the first stage. It is followed by a series of reaction stages. The use of 
initial curtis stage reduces the length of the rotor i.e. the number of stages required (since a 2 -row curtis stage 
can replace about eight 50% reaction stages) and hence, the cost of the rotor significantly, at the expense of 
some loss in efficiency. It is often called the control stage. A large drop in enthalpy occurs in this curtis stage 
and remaining enthalpy drop occurs in the subsequent stages. 

Variation of pressure and velocities in compounding. 
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Velocity Compounded impulse turbine 



Nozzle 

M.B. 

F.B. 

M.B. 

F.B. 

P B — 
Pressure | 










Velocity ^ 
Vo 







M.B. = Moving Blades 
F.B. = Fixed/stationary blades 


In pressure compounded impulse turbine 



Q.72 The angles at inlet and discharge of the blading of a 50% reaction steam turbine are 35° and 20° 
respectively. The speed of rotation is 1500 rpm and at a particular stage, the mean ring diameter is 
0.67 m, and the steam condition is 1.5 bar, 0.96 dry. Estimate (i) the required height of blading to pass 
3.6 kg/s of steam, and (ii) the power developed by the ring. 

m 3 m 3 

Assume, at 1.5 bar pressure, \ f = 0.001052-j^- and \ fg = 1.15937 kg . 

[CSE (Mains) 2015 : 20 Marks] 


Solution: 


50% Reaction steam turbine 



(AVg = 0) 


At 1.5 bar pressure, 


nDN tc(0.67)(1500) 

Blade speed, u = gg — 60 

u = 52.6 m/sec -, 

Vi = Vf + xv fg = 0.001052 + 0.96 (1.15937) = 1.114 m /kg 
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MS - tan 0 = 

a tan 35° = 

^ 0.66^-0.71/ = 

\ = 

Let the required height of blading to pass 
^°- (mv,) = 

(3 6 x 1.114) = 


v u y, sina 

v 1 cosa-u 

v^ sin20° 

^00520° -u 
0.342 v, 

2,2o = 2.2 x 52.6 = 115.8 m/sec 

V, sin a = v, sin 20“ = 115.8 sin 20“ = 39.6 m/sec 

m = 3.6 kg/s of steam be h b . 
n{0.67)H b x 39.6 


H b = 0.0481 m = 48.13 mm 

Power developed = m[v Wi + v w ^u = mucosa-u]u 
= 3.6[2 x 115.8 cos 20° - 52.6] 52.6 


P= 31.25 kW 


Q.73 Dry saturated steam at 5 bar enters a convergent-divergent nozzle at a velocity of 100 m/s. The exit 
pressure is 1.5 bar. The throat and exit areas are 1280 mm 2 and 1600 mm 2 respectively. Assuming 
isentropic flow upto the throat and taking the critical pressure ratio as 0.58, estimate the mass flow 
rate. If the nozzle efficiency is 0.973, determine the exit condition of steam dryness fraction. Show the 
process on T-s and h-s diagrams. 


Properties of Steam 

P 

Enthalpy (kJ/kg 

Entropy (kJ/kg K) 

Volume (m 3 /kg) 

(bar) 


h fg 

s f 

s '0 

v f 

% 

5.0 

640.23 

2108.5 

1.8607 

4.9606 

0.00109 

0.3708 

2.9 

556 

2168 

1.660 

5.344 

0.00107 

0.6253 

1.5 

467.11 

2226.5 

1.4336 

5.7897 

0.00105 

1.158 


Solution: 

Given; IT, = 100 m/sec, 


[CSE (Mains) 2015 : 20 Marks] 


P, = 5 bar, P 2 = 1 .5 bar, A* = 1 280 mm 2 , A, = 1 600 mm 2 
P* 

—- = 0.58 => P* = 0.58 x 5 
P* = 2.9 bar 



from table given: 


ITq = 2108.5 + 640.23 = 2748.73 kJ/kg 






fflpDE ERSy 


Steam Engineering ◄ 235 


So, 


Energy equation will give, 


Sq = 4.9606 + 1.8607 = 6.821 kJ/kg-K 
S* = 6.8213 = 1.660 + **(5.344) 
x* = 0.966 

If = 556 + 0.966(2168) 

If = 2650.28 kJ/kg 

,*2 


Vo 2 


2 2 


2748.73 + 


( 100) 2 


= 2650.28 + 


2000 ' 2000 
Velocity, v* = 456 m/sec 

= (v f )‘ + x(v, g ) 

V* = 0.00107 + 0.966(0.6253) 
v* = 0.605 m 3 /kg 


Mass flow rate, m = 


m = 


* * 

A V 

v* 

1280x1 O ' 6 x 456 


0.605 
m = 0.965 kg/sec 


Nozzle efficiency, t| = 0.973 = 


_ h*-h. 


h*-h 


'Is 


Also, 


0 973 = 2 650.28 -ft, 

2650.28 - h 1s 

S Q = S 1s = 6.8213 = 1.4336+x 1s (5.7897) 
x 1s = 0.93 

fi 1s = 467.11 +0.93x2226.5 
/? 1s = 2537.75 kJ/kg 


From (1) and (2) 


0.973 = 


2650.28 -tu 


2650.28 - 2537.75 
h } = 2540.8 kJ/kg 

Let the exit condition dryness fraction bex r 

= (ty) 1.5 bar + *1 (fyg )l .5 bar 

2540.8 = 467.11 +* 1 (2226.5) 
jc 1 = 0.932 


-O) 


-(2) 


6. Boilers, Condensers and Accessories 


■ 4 Clearly explain as to how the circulation is maintained in modern boilers having operating pressures 
100 bar, 180 bar and 240 bar respectively? What is circulation ratio? What is the normal range of 
circulation ratio in case of utility boilers and industrial boilers? 


[CSE (Mains) 2001 : 30 Marks] 
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Solution: 

Natural Circulation for Boiler Operating Pressure 
at 100 bar: The water/steam circulation begins from 
the feed water tank, from where feed water is 
pumped. 

The feed water pump (refer figure shown below) raises 
the pressure of the feed water to the desired boiler 
pressure. In practice, the final steam pressure must 
be under 170 bar in order for the natural circulation 
to work properly. The feed water is then preheated 
in the economizer almost up to the boiling point of 
the water at the current pressure. To prevent the 
feed water from boiling in the economizer pipes, 
the economizer temperature is on purpose kept 
about 10 degrees under the boiling temperature. 
From the economizer the feed water flows to the 
steam drum of the boiler. In the steam drum the 
water is mixed well with the existing water. 


Superheaters 



This reduces thermal stresses within the steam drum. The saturated water flows next from the steam drum 
through downcomer tubes to a mud drum (header). There are usually a couple of downcomer tubes, which are 
unheated and situated outside the boiler. 

The name "mud drum" is based on the fact that a part of the impurities in the water will settle and this 'mud' can 
then be collected and removed from the drum. The saturated water continues from the header to the riser tubes 
and partially evaporates. The riser tubes are situated on the walls of the boiler for efficient furnace wall cooling. 
The rises tubes are sometimes also called generating tubes because they absorb heat efficiently to the water/ 
steam mixture. The riser tubes forms the evaporator unit in the boiler. After risers, the water/steam mixture 
goes back to the steam drum. In the steam drum water and steam are separated: the saturated water will 
return to the downcomer tubes and the saturated steam will continue to the superheater tubes. The purpose of 
this separation is to protect the inside of the superheater tubes and turbine for impurity deposition. 

The steam from the steam drum continues to the superheater, where it is heated beyond its saturation point. 
After the last superheater stage the steam exits the boiler. This type of circulation is called natural circulation, 
since there is no water circulation pump in the circuit. The circulation happens by itself due to the water/steam 
density differences between the downcomers and risers. 


Natural circulation boilers are only suitable for 
subcritical pressure levels (practically for steam 
pressures under 180 bar in the steam drum). This is 
due to the lack of density difference in supercritical 
steam, and thus the lack of a driving force. 

Forced Circulation for Boiler Operating Pressure 
at 180 bar: In contrast to natural circulation boilers, 
forced circulation is based on pump-assisted internal 
water/steam circulation. The circulation pump is the 
main difference between natural and forced 
circulation boilers. In the most common forced 
circulation boiler type, the Lamont boiler, the 
principles of forced circulation is basically the same 
as for natural circulation, except for the circulation 
pump. 
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Due to the use of circulation pump, the operation pressure level of forced circulation boiler can be slightly higher 
than a natural circulation boiler, but since the steam/water separation in the steam drum is based on the 
density difference between steam and water, these boilers are not either suitable for supercritical pressures 
(>221 bar). Practically the maximum operation pressure for a forced circulation boiler is 190 bar and the 
pressure drop in the boiler is about 2-3 bar 

The wester,steam circulation begins from the feed water tank, from where feed water is pumped. 

The feedwater pump raises the pressure of the feedwater to the desired boiler pressure. 

In practice, the final steam pressure is below 190 bar, in order to keep the steam steadily in the subcritical region. 
Once Through Circulation for Boiler Operating Pressure at 240 bar: Beyond the critical pressure, phase 
rans orma ion is absent, and hence once through system is adopted. A once-through (or universal pressure) 
o e can e simplified as a long, externally heated tube . There is no internal circulation in the boiler, thus the 
ctrcu a ion ratio or once-through boilers is 1. In contrast to other water tube boiler types (natural and controlled 
circu a ion , once through boilers do not have a steam drum. Once-through boilers are also called universal 
^ .. 016rS ^ ecause ^ey are applicable for all pressures and temperatures. However, once through 

O' ers are usuall V ' ar 9e sized boilers with high subcritical or supercritical steam pressure. 

Principle 


Natural Circulation (Drum) 


Once-Thru 



The circulation ratio R is defined as 


R - (mass flow rate of circulation water)/(evaporation rate) = GR/GS 
- G n /x o G n + ' ]/x o 

where G R (kg/s) is the mass flow rate of circulation water, G^ kg/s) is the evaporation rate, and v is the 
at the outlet of the evaporator tube. The evaporation rate G s is expressed as x e x G R under the assum r'^ 
the water at the tube inlet is in the saturated state. Circulation Ratio for utility boilers is between 6 " ^ 
Circulation Ratio for industrial boilers is between 8 to 30 n to 9 - 


A forced draught fan discharges 1200 m 3 of air per minute through the outlet of 2 m 2 area and mai ■ 
a steady pressure of 110 mm of water. The temperature of air is 27°C. Calculate the poweroMh 8 
m °tor to drive the fan if the efficiency of the fan is 85%. Take the density of air at 27°C as 1 25 k° / a 

[CSE (Mains) 2002 : 20 Marfe] 


ion: 

Giv en: Fan cross section A = 2 m 2 , Density of air, p = 1.25 kg/m 3 
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3 / •„ _ 20 m 3 /S 

Volume of air to be handled, 0 = 1200 rrr/minute gg 


Solved Papers 


20 

Velocity of supplied air, V = — =10 m/s 

/2 100 


[As Q = vx A] 


Velocity head. P, = = 1.25 x ^ = 62.5 N/m* 

^ , w-nii x 9810= 1079.1 N/m 2 

Static pressure head, P s = 110 mm of water - 0 . m 

Total pressure head to be produced by fan, j . . . . A M / m 2 

AP= P v+ P s = 62.5+ 10791.1 = 1141.6 N/m 

d • I, r—pv l OAP _ 20x1J4JJ5 ^ 86 kW 

Power reqired by FDfan = 

Q.76 Discuss the difference between natural circulation, forced circulation and one-through boilers. Explain, 
with the help of a sketch, the working of a La Mont boiler. 




Solution: 

[Refer Question Number 74] 

Working Principle of Lamont Boiler: Lamont boiler is a forced circulation, internally fired water tube boiler. 
The fuel is burn inside the boiler and the water is circulating by a centrifugal pump through evaporator tubes 
The working of this boiler is as follow. A feed pump forces the water into the economizer where the temperature 
of water increases. This water forced into the evaporator tube by using a centrifugal pump driven by steam 
turbine. Water passes 10-15 times into the evaporator tube. The mixture of saturated steam and water is 
formed inside the tube. 


Exhaust Gases 



Lamont Boiler 
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This mixture is sent to the stMm 4 

t _ - 0 . m se Parator drum which is situated outside the boiler. Steam from the separator 

sends to the super heater whpm th 

_♦ «««„ ’ ere Tne satur ated steam converts into superheated steam. The water is again 

sent to the economizer wh^ro it ___ 

The air from the air preheater i^TT 65 by ,he evaporator ,ubes ' 

ti ihp then na^pc k tk enier ln 0 the furna cs where fuel burn. The flue gases first heat the evaporator 
nr pheatpr hefn h 6 Super heater - These gases from the super heater again use to preheat the air into air 

preheater before exhaust into atmosphere 

This working pressure of thk k^-i , 

50000 kg/hour at temperature 773 k ^ ab ° Ve 17 ° ^ ^ haVe S ‘ eam 9enera,i0n oapacity of about 

Advantages: 

It is a high pressure boiler. 

It is flexible in design. 

This boiler can be reassembled in natural circulation boiler. 

It can easily start. 

it has high steam generation capacity of about 50 ton/ hour 
This boiler has higher heat transfer rate. 

° 77 n!irnnQB rtnlc l ?h° f acool ' n9 tower in a Power plant? What Is meant by range and approach and what 
purpose does the fill serve in a cooling tower? 

[CSE (Mains) 2003 : 20 Marks] 

Solution: 


1 . 

2 . 

3. 

4. 

5. 

6 . 


A cooling tower is a heat rejection device that rejects waste heat to the atmosphere through the cooling of a 
water stream to a lower temperature. Cooling tower perform the release of heat from the hot water coming from 
the condenser. In a power plant condenser acts as the sink and steam from the turbine is being dumped into 
the condenser. Cooling water is sent into to the condenser to condense this steam. As a result, the cooling 
water temperature rises. To reuse this water again for condenser cooling, the absorbed heat has to be released 
and cooled. Thermal power plants use cooling towers to cool the circulating water used for condenser cooling 
Cooling tower cool the warm water discharged from the condenser and feed the cooled water back to the 
condenser. They reduce the cooling water demand in the power plant. 

Cooling towers are a very important part of many chemical plants. 

The primary task of a cooling tower is to reject heat into the 
atmosphere. They represent a relatively inexpensive and 
dependable means of removing low-grade heat from cooling 
water. The make-up water source is used to replenish water lost 
to evaporation. Hot water from heat exchangers is sent to the 
cooling tower. The water exits the cooling tower and is sent 
back to the exchangers or to other units for further cooling. 

"Range" is the difference between the cooling tower water inlet 
and outlet temperature. 

"Approach" is the difference between the cooling tower outlet cold water temperature and ambient wet bulb 
temperature. Although, both range and approach should be monitored, the 'Approach' is a better indicator of 
cooling tower performance. 

Purpose of Fill in Cooling Towers: Most towers employ fills (made of plastic or wood) to facilitate heat 
transfer by maximizing water and air contact. Fill can either be splash or film type. With splash fill, water falls 
over successive layers of horizontal splash bars, continuously breaking into smaller droplets, while also 
wetting the fill surface. Plastic splash fill promotes better heat transfer than the wood splash fill. Film fill 
consists of thin, closely spaced plastic surfaces over which the water spreads, forming a thin film in contact 
with the air. These surfaces may be flat, corrugated, honeycombed, or other patterns. The film type of fill is the 
more efficient and provides same heat transfer in a smaller volume than the splash fill. 




Hot water 
temperature (in) 

c 

d 

X 

6 

✓ 

(In) to the tower 
(Out) from the tower 

Cold water 
temperature (out) 

Approach 


Wet-bulb 
temperature (in) 
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Q.78 Discuss the trends in the design of modern power plant boilers. Explain the zones of heat transfer and 
location of evaporators, superheaters and reheater. 

[CSE (Mains) 2003 : 20 Marks] 

Solution: 


Introducing modern boiler concepts in the design of thermal power stations is nowadays becoming mandatory 
not only from an economic point of view of new investments, but also as a significant and pro-active step 
towards the reduction of greenhouse gases & dust emissions by the enhancement of efficiency. 

The increase in the cycle efficiency in modern power station is mainly achieved by increasing the steam 
parameters. The technological steps in boiler design are therefore shifting steam from sub critical to super 
critical and ultra supercritical parameters. 

A boiler which generates steam at a pressure of 85 kgf/cm 2 or above is termed as a "high pressure boiler". The 
present tendency is towards the use of high pressure boilers in power plants. The modern high pressure 
boilers used for power generation have capacities of 40 to 1600 tonnes/hr of superheated steam with a pressure 
up to 210 kgf/cm 2 and a temperature of about 650°C. One of the largest modern steam power plants in the 
world is in Japan with a steam capacity of 1600 Tonnes/hr. In India, the Trombay power plant has a steam 
generating capacity of 550 tonnes/hr, Ramagundam power power plant with 320 tonnes/hr and Bokaro plant 
with 160 tonnes/hr. 


Advantages of High-pressure Boilers: 

1. High-pressure boilers use the forced circulation of water which ensures the positive circulation of water 
and increased evaporative capacity. 

2. They require less heat of vaporization. 

3. They are compact and thus require less floor space. 

4. Due to the high velocity of water, the tendency of scale formation is minimized. 

5. All parts are uniformly heated and the danger of overheating is minimized. 

6. The steam can be raised quickly to meet the variable load requirements without the use of complicated 
control devices. 

7. The plant efficiency is increased. 

8. With the use of high-pressure boilers, the steam generation is economical. 


Zones of Heat Transfer in Boiler: A steam boiler is designed to absorb the maximum amount of heat released 
from the process of combustion. Heat transfer within steam boiler is accomplished by three methods radiation 
convection, and conduction. The heating surface in the furnace area receives heat primarily by radiation The 
remaining heating surface in the steam boiler receives heat by convection from the hot flue gases Heat 
received by the heating surface travels through the metal by conduction Heat is then transferred from the 
metal to the water by convection. 

The relative percentage of each heat transfer within steam boiler is dependent on the type of steam boiler the 
designed transfer surface, and fuels. 


Convection from heated gases around the heated boiler tubes and circulating boiler feed water within the 
boiler tubes. This could be the superheated gases from the combustion of the fuel, or superheated fluids from 
another process somewhere outside of the boiler area. 

Conduction through the surface of the boiler tubes. The tubes get heat up. and then transfer the heat into the 
boiler feed water. 


Radiation of heat absorbed into the boiler refractory, then absorbed by the boiler feed water inside the boiler 
tubes. This occurs mostly in the cases where fuel is combusted rather than superheated process fluids 
coming from a separate process. 

An evaporator operates at a temperature lower than this. Boiling can take place throughout a liquid, but 
evaporation only takes place at an open surface. An evaporator usually has some flow of gas past the surface 
to take away the vapor being produced This is often achieved by pumping the liquid up to a high level and 
letting it run down, but there are quite a lot of other designs. 
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Superheater: It is integral part of boiler and is placed in the path of hot flue gases from the furnace. The heat 
recovered from the flue gases is used in superheating the steam before entering into the turbine (i.e., prime 
mover).Its main purpose is to increase the temperature of saturated steam without raising its pressure. 

Reheater: The reheater functions similar to the superheater in that it serves to elevate the steam temperature. 
Primary steam is supplied to the high pressure turbine. After passing through the high pressure turbine, the 
steam is returned to the steam generator for reheating (in a reheater) after which it is sent to the low pressure 
turbine. A second reheat cycle may also be provided. 


■ 



■ 

i 


■ 
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q 79 Ex p| a i n the working principle of Electrostatic Precipitator (ESP). Discuss the factors which affect its 
efficiency. 

[CSE (Mains) 2005 : 20 Marks] 

Solution: 

Electrostatic precipitation is a method of dust collection that uses electrostatic forces, and consists of discharge 
wires and collecting plates. A high voltage is applied to the discharge wires to form an electrical field between 
the wires and the collecting plates, and also ionizes the gas around the discharge wires to supply ions. When 
gas that contains an aerosol (dust, mist) flows between the collecting plates and the discharge wires, the 
aerosol particles in the gas are charged by the ions. The Coulomb force caused by the electric field causes the 
charged particles to be collected on the collecting plates, and the gas is purified. This is the principle of 
electrostatic precipitation, and Electrostatic precipitator apply this principle on an industrial scale. The particles 
collected on the collecting plates are removed by methods such as (1) dislodging by rapping the collecting 
plates (2) scraping off with a brush, or (3) washing off with water, and removing from a hopper. Dust collection 
efficiency is affected by the following factors. 

1. Electrical resistivity of dust 

2. Particle size distribution 

3. Aerosol concentration 
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/u fi,iy iso kW/m 2 ) of inside diametar 

Q.80 A superheater is to be designed using metallic coils < heat Hs js at 60 bars, 500°C ann 

50 mm and wall thickness 5 mm. The steam leaving the superhea . lennth nf« 

flows at a velocity of 10 m/s. If the steam mass flow rate is 90 kg/s, fin 0 _ °‘ o S ' 

For steam at 60 bars, take the following values - dry saturated steam m3 n, T ^ 

superheated steam temperature h sup = 3422.2 kJ/kg and specific volume sup - • g. The 

steam enters the superheater as dry and saturated. _ x onnc . .. 

’ ■ [CSE (Mains) 2006 : 20 Marks] 

Solution: 

Given: Heat flux q = 150 KW/m 2 , d, = 50 mm = 0.05 m, velocity V= 10 m/s, m s = 90 kg/s 




Schematic of Superheater coils Process on T-s coordinate 

As given, /r, = hg= 2784.3 kJ/kg, h 2 = 3422.2 kJ/kg and specific volume, v 2 = 0.05665 m 3 /kg 
Heat absorption rate in superheater coils = m s {h 2 - h,) = 90(3422.2 - 2784.3) = 57411 kW = q 

57411 


Surface area required = 


150 


= 382.74 m z [As, Q = qxA] 


From continuity equation, m s = PiA^i - 92^2^2 = 


k 2 
n-df 


Vo 

— = 90 kg/s 
v 2 


[where ‘n’ is the number of superheater coils] 


4x90x0.05665 


n = 


= 262.55 or 263 


As, 


tix( 0.05) 2 xIO 
Number of superheater coils, n = 263 

Surface area, A 0 = 382.74 = nn d 0 1 

d 0 = outer diameter = 50 + 2 x 5 = 60 mm 
382.74 

Length ol one coH - 263x;ixa06 = 7.72 m 


[As thickness is 5 mm] 


Q.81 Why is the use of dust collector necessary in case of thermal power plant? Discuss the location ol 
electrostatic precipitator with reference to sulphur content of coal and flue gas temperature 

[CSE (Mains) 2007 : 20 Marks] 

Solution: 

Thermal Power plants emit fly ash as well as other gases like Carbon dioxide(CO ) Carbon Monoxide CO' 
Sodium Oxides (NO,). Sulphur oxides( SO,) .etc. to the atmosphere and, in turn, thj atmosphere^Tts odlutedi 
The pollution to this effect is dangerous to our living society as well as to the plant life T he reason is the use 
of fossil fuel like coal to run the thermal power plants. Now-a-days. more numbers of old coal based power 
plants, are still in existence with high emission. High ash content or deterioration in quality of coal reserve is 
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the major focus for our environmental sustainability and thus use of dust collector necessary in case of thermal 

power plant. In many thermal power plant plants, fly ash generated in the coal combustion process is carried 

as dust in the hot exhaust gases. These dust-laden gases are allowed to pass through an electrostatic 

precipitator that collects most of the dust. Cleaned gas then passes out of the precipitator and then through a 

stack to the atmosphere. Precipitators typically collect 99.9% or more of the dust from the gas stream. 

Precipitators function by electro-statically charging the dust particles in the gas stream coming out of the 

boiler after coal combustion. The charged particles are then attracted to and deposited on the collector plates. 

When enough dust has accumulated, the collectors are hammered to dislodge the dust, causing it to fall with 

the force of gravity to hoppers below. The dust is then removed by a conveyor, slurry form, vacuum trapped 

system etc. for disposal or recycling. Depending upon dust characteristics, coal composition ( primarily ash 

content and the gas volume to be treated, there are many different sizes, types and designs of electrostatic 
precipitators. 


Factors Affecting the Performance of ESP 

There are many factors which influence the performance of an ESP. These are discussed below: 

Corona. Corona ionizes gas molecules and charges dust particles. At higher temperature, flue gas density 
reduces. Lower density of the flue gas initiate corona at lower voltage. Corona power is the power required 
to energise the discharge electrode and create corona. Corona power is expressed in watts per 1000 cubic 

metre per hour or watts per 1000 actual cubic feet per minute (ACFM). It is approximately 60 to 300 watts 
per 1000 cubic metre per hour. 


Resistivity of particulates: It is a main factor that influences an ESP performance. This is the measurement 
of resistance to electrical conduction. Resistivity is the electrical resistance of a dust sample of 1 cm 2 in 
cross section and 1 cm in thickness. The unit of resistivity is ohm centimetre (Q cm) and it is normally 
10 8 to 10 12 for coal fly ash. The charged particulates are supposed to transfer their charge to the collecting 
plate. It is difficult to charge the particulates having high resistance. But once they are charged they do 
not give up their acquired charge to the collecting plate easily. The particles having low resistivity can be 
charged easily and give up their acquired charge easily. 

If the resistivity is too low, the particulates discharge their charge too quickly an escape from the collecting 
plate and come back to the gas stream again. This phenomenon is called as re-entrain. If the resistivity is to 9 
high, particles, do not give up their charge completely to the collecting electrode. So, the charge is accumulated 
on the collecting plate and leads to back corona. This back corona reduces ionization and particles 
with the flue gas. The particles also remain strongly attracted to the collecting plate, as they are still^ 03136 
charge. So, it is difficult to rap off. S 1 av,n 9 


The major factors that influence ash 
resistivity are temperature, carbon particles 
and chemical composition (sodium and 
sulphur trioxide). Carbon particulates in the 
fly ash reduce resistivity. The resistivity of 
ash versus temperature for different sulphur 
containing coal is shown in figure. The 
resistivity is maximum between 300°F to 
400°F. Resistivity of low sulphur coal is more. 


Hot precipitator 


Resistivity 


Cold precipitator 



To make the resistivity normal, gas conditioning is required. Small amount of sulphur trioxide (SO ) is in' 
in to the flue gas when low sulphur coal is used to boiler to reduce flue gas resistivity. The critical s^lphuM^ 601 
°f ash particle for better performance of ESP is 0.5% of the flue gas. 10 ppm to 20 ppm of SO is s P ff ^ lGVel 
f| ue gas to maintain the resistivity of fly ash below the critical level. 3 IC,ent in 
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resistivity is less. To maintain the resistivity, ammonia 
collection efficiency of ESP. Efficiency increases 


In case of high sulphur coal, S0 3 level is more, so the 
(NH 3 ) is injected into the flue gas for conditioning. 

Flue gas velocity: It is having a significant effect on the dust \ 
when flue gas velocity decreases. 

Q.82 Explain with a neat diagram the working of a supercharged 

conventional boilers? Why economisers are essentially used irresp 

fUmaCe? [CSE (Mains) 2008 : 20 Marks] 

Solution: 

Working of a supercharged boiler: 



Combustion in supercharged boiler carried by pressurized combustion method at 5-6bars. Heated feed water 
of economizer and boiler drum are mixed and supplied to evaporating tubes where it is changed into wet 
steam and additional heating is carried out in evaporating tube and steam is discharged in boiler drum. 
Approximately dry steam as of drum is superheated in superheater before it is supplied to steam turbine. The 
high pressure exhaust gases from boiler are used to run the gas turbine. Power developed by the gas turbine 
is used to run compressor and other auxiliaries. Turbine exhaust gases are used to heat feed water in the 
economizer and lastly these are exhausted to surrounding by chimney. 

In a supercharged boiler, the combustion is carried out under pressure in the combustion chamber by supplying 
the compressed air. The exhaust gases from the combustion chamber are used to run the gas turbine as they 
are exhausted to high pressure. The gas turbine runs the air compressor to supply the compressed air to the 
combustion chamber. 

Advantages: 

1. Owing to very high overall heat transfer co-efficient the heat transfer surface required is hardly 20 to 25% 
of the heat transfer surface of a conventional boiler. 

2. The part of the gas turbine output can be used to drive other auxiliaries. 

3. Small heat storage capactiy of the boiler plant gives better response to control. 

4. Rapid start of the boiler is possible. 

5. Comparatively less number of operators are required. 
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An economizer is a mechanical device which is used as a heat exchanger by preheating a fluid to reduce 
energy consumption. In a steam boiler, it is a heat exchanger device that heats up fluids or recovers residual 
heat from the combustion product i.e. flue gases in thermal power plant before being released through the 
chimney. Flue gases are the combustion exhaust gases produced at power plants consist of mostly nitrogen, 
carbon dioxide, water vapor, soot carbon monoxide etc. Hence, the economizer in thermal power plants, is 
used to economise the process of electrical power generation. The recovered heat is in turn used to preheat 
the boiler feed water, that will eventually be converted to super-heated steam. For higher boiler efficiencies, the 
feed water is preheated by economizer, using the waste heat in the flue gas. 

Thus economizers are essentially used irrespective of the fuel used in boiler furnace. 

Q.83 How do you classify draught? What are the advantages of the forced draught over the induced draught? 
What are the limitations of chimney draught? What are the different losses taken into consideration in 
designing the draught system? 


Solution: 


[CSE (Mains) 2008 : 20 Marks] 


The draught is one of the most essential systems of thermal power plant which supplies required quantity of 
air for combustion and removes the burnt products from the system. To move the air through the fuel bed and 
to produce a flow of hot gases through the boiler, economizer, preheater and chimney require a difference of 
pressure. This difference of pressure for to maintaining the constant flow of air and discharging the gases 
through the chimney to atmosphere is known as draught. Draught can be obtained by use of chimney, fan, 
steam or air jet or combination of these. When the draught is produced with the help of chimney only, it is 
known as Natural Draught and when the draught is produced by any other means except chimney it is known 
as artificial draught. 


Natural draught is the draught produced by a chimney alone. It is caused by the difference in weight between 
the column of hot gas inside the chimney and column of outside air of the same height and cross section. 
Being much lighter than outside air, chimney flue gas tends to rise, and the heavier outside air flows in through 
the ash pit to take its place. It is usually controlled by hand-operated dampers in the chimney and breeching 
connecting the boiler to the chimney. Here no fans or blowers are used. The products of combustion are 
discharged at such a height that it will not be a nuisance to the surrounding community. 



Mechanical draught : It is draught artificially produced by fans. Three basic types of draughts that are 
applied are: 

Balanced draught: Forced-draught (F-D) fan (blower) pushes air into the furnace and an induced draught 
(I'D) fan draws gases into the chimney thereby providing draught to remove the gases from the boiler. Here 
the pressure is maintained between 12.442 Pa to 24.88 Pa of water gauge below atmospheric pressure in the 
case of boilers and slightly positive for reheating and heat treatment furnaces. 
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Induced draught: An induced-draught fan draws enough draught for flow into the furnace, causing the product 
of combustion to discharge to atmosphere. Here the furnace is kept at a slight negative pressure belo Wth ^ 
atmospheric pressure so that combustion air flows through the system. 


Forced draught: The Forced draught system uses a fan to deliver the air to the furnace, forcing combustion 

products to flow through the unit and up the stack. 

Advantages of the forced draught over the induced draught are: 

1 • Easy control of combustion and evaporation 

2. Increase in evaporative power of a boiler 

3. Improvement in the efficiency of the plant 

4. Reduced chimney height 

5. Prevention of smoke 

6. Capability of consuming low grade fuel 

7. Better accessibility of fans and upper bearings for maintenance 

8. The fuel consumption per kW due to artificial draught is 15 % less 

Limitations of chimney draught are as follows: 

1 ■ The maximum pressure available for producing natural draught by chimney is hardly 10 to 20 mm of water 
under the normal atmospheric and flue gas temperatures. 

2. The available draught decreases with increase in outside air temperature and for producing sufficient 
draught, the flue gases have to be discharged at comparatively high temperatures resulting in the loss of 
overall plant efficiency. And thus maximum utilization of Heat is not possible. 

3. As there is no through mixing of air and fuel in the combustion chamber due to low velocity of air therefore 
combustion is very poor. This increases the specific fuel consumption. 

4. The chimney has no flexibility to create more draught under peak load conditions because the draught 
available is constant for a particular height of chimney and the draught can be increased by allowing the 

flue gases to leave the combustion chamber at higher temperatures. This reduces the overall efficiency of 
the plant. 

5. Nearly 20% heat released by the fuel is lost to the flue gases. The chimney draught is only used for very 
small boiters. Nowadays the chimney is never used for creating draught in thermal power plants as it has 
no flexibility, the total draught produced is insufficient for high generating capacity. 

Different losses taken into consideration in designing the draught system are as follows' 

1. The frictional resistance offered by the flues and gas passages to the flow of flue gases 

2. Loss near the bends in the gas flow circuit 

3. Loss due to friction head in equipment like grate, economizer, superheater etc 

4. Loss due to imparting velocity to the flue gas. 


Q.84 Draw a schematic diagram of bubbling bed fluidized boiler and explain its working 

[CSE (Mains) 2009 : 15 Marks] 

Solution: 

Working of bubbling bed fluidized boiler: When an evenly distributed air or gas is passed upward through 
a finely divided bed of solid particles such as sand supported on a fine mesh, the particles are undisturbed at 
low velocity. As air velocity is gradually increased, a stage is reached when the individual particles a-e 
suspended in the air stream - the bed is called “fluidized". With further increase in air velocity there is bubble 
formation, vigorous turbulence, rapid mixing and formation of dense defined bed surface The bed of solid 
particles exhibit the properties of a boiling liquid and assumes the appearance of a fluid - "bubbling fluidized 
bed". At higher velocities, bubbles disappear, and particles are blown out of the bed Therefore some amounts 
of particles have to be recirculated to maintain a stable system - "circulating fluidized bed". Fluidization 
depends largely on the particle size and the air velocity 
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The mean solids velocity increases at a slower rate than does the gas velocity. The difference between the 
mean solid velocity and mean gas velocity is called as slip velocity. Maximum slip velocity between the solids 
and the gas is desirable for good heat transfer and intimate contact. If sand particles in a fluidised state is 
heated to the ignition temperatures of coal, and coal is injected continuously into the bed, the coal will burn 
rapidly and bed attains a uniform temperature. The fluidised bed combustion (FBC) takes place at about 

840 C to 950°C. Since this temperature is much below the ash fusion temperature, melting of ash and associated 
problems are avoided. 

The lower combustion temperature is achieved because of 

high coefficient of heat transfer due to rapid mixing in the Bubbling Entrainment 

fluidised bed and effective extraction of heat from the bed 
through in-bed heat transfer tubes and walls of the bed. The 
gas velocity is maintained between minimum fluidisation 
velocity and particle entrainment velocity. This ensures stable 
operation of the bed and avoids particle entrainment in the a 
gas stream. 2 

£ 

Combustion process requires the three ‘T’s that is Time, § 

Temperature and Turbulence. In FBC, turbulence is promoted -§■ 
by fluidisation. Improved mixing generates evenly “ 
distributed heat at lower temperature. Residence time is many / 
times greater than conventional grate firinq. 

Variation of bed pressure drop 

Thus an FBC system releases heat more efficiently at lower with superficial velocity 

temperatures. 

Since limestone is used as particle bed, control of sulphur dioxide and nitrogen oxide emissions in the combustion 
chamber is achieved without any additional control equipment. This is one of the major advantages over 
conventional boilers. There are three basic types of fluidised bed combustion boilers: 

1. Atmospheric classic Fluidised Bed Combustion System (AFBC) 

2. Atmospheric circulating (fast) Fluidised Bed Combustion system(CFBC) 

3. Pressurised Fluidised Bed Combustion System (PFBC). 

Q-85 The following observations refer to a surface condenser: 

Mass flow rate of condensate = 20 kg/min Mass flow rate of cooling water = 800 ka/m' 

Mean temperature of condensation = 35°C Condenser vacuum = 0.95 kg/cm 2 9 

Barometer reading = 1.03 kg/cm 2 Inlet cooling water temperature = 20°C 

Outlet cooling water temperature = 30°C Temperature of the hot well = 29°C 

Calculate: 

(i) Weight of air per unit volume of condenser. 

(ii) Entering condition of steam to the condenser. 

(iii) Vacuum efficiency of the condenser. 

Properties of saturated steam: 



(Use R = 0.287 kJ/kg-K) 


[CSE (Mains) 2009 : 25 Marks] 
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Solution: 

Given: Mass flow rate of condenstate m s = 20 kg/min, m w = 800 kg/min 
Specific volume of steam at mean condensate temperature of 35°C = 25.245 m 3 /kg 
Partial pressure of steam at 35°C = 0.0056 MPa = 0.056 bar 

1 bar = 1.02 kg/cm 2 

Partial pressure of steam = 0.056 x 1.02 = 0.05712 kg/cm 2 
Absolute condenser pressure = Barometric pressure-Vaccum reading 

= 1.03-0.95 = 0.08 kg/cm 2 

Partial pressure of air = 0.08 - 0.05712 = 0.02288 kg/cm 2 
Partial pressure of air (in bar) = 0.02288 x 0.98 = 0.02243 bar 
Mass of air present per kg of uncondensed vapour, 


Solved Papers 


P a V 0.02243x10 5 x 25.245 _ . 

m = ----= 0.64 kg 

a RT 287 x (273+ 35) 

Absolute condenser pressure = 0.08 x 0.98 = 0.0784 bar = 0.08 bar 
At this pressure, h f = 173.9 kJ/kg, h fg = 2403.1 kJ/kg 

Enthalpy of condensate corresponding to hot well temperature of 29°C = 121.6 kJ/kg 
^ so < beat lost by steam = heat gained by water 

m sU h f + x h fg )-h hoM ] = m w C pw (t w2 -t w ,) 

20 [(173.9 + xx 2403.1)- 121.6] = 800x4.186(30-20) 

52.3+ (2403.1)* = 1674.4 


jc = 0.675 

Hence, entering condition of steam to the condenser = 0.675 or 67.5% 
Saturation pressure corresponding to 35°C = 0.056 bar 


w «. . Condenser vaccum 

Vaccum efficiency - ---- 

Barometric reading - pressure of steam 

= 0.9765 or 97.65% 


0.95x0,98 
1.03 x 0.98 - 0.056 


Q.86 In what way is Velox boiler different from La Mont boiler? Describe the working of the Velox boiler with 
a schematic. 

[CSE (Mains) 2009 : 20 Marks] 

Solution: 


Parameters 

Velox Boiler 

La Mont Boiler 

Combustion 

This boiler makes use of pressurized 
combustion wherein the heat is 
transferred from the gas on account of 
supersonic flow of gas. 

This boiler uses conventional 
combustion process. 

Circulation 

This boiler is a high pressure, forced 
circulation, pressurized forced 
combustion but with limitation of firing 
with oil or gas under pressure with 
little or no ash problem. Air compressor 
is driven by gas turbine. 

This boiler works on basic principle 
of forced convection. If the water is 
circulate by a pump inside the tube, 
the heat transfer rate from gas to 
the water is increases. This boiler is 
the first force circulation boiler. 

Performance 

This boiler is very compact steam 
generating plant of great flexibility. It is 
capable of quick starting and its thermal 
efficiency is about 90 to 95%. 

Working pressure of this boiler is 
above 170 bar and have the steam 
generation capacity of about 50 t /h 
at temperature 773 K. 
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It is a well known fact that when the gas velocity exceeds the sound-velocity, the heat is transferred from the 
gas at a much higher rate than rates achieved with sub-sonic flow. The advantage of this theory is taken to 
effect the large heat transfer from a smaller surface area in this boiler. 

This boiler makes use of pressurised combustion. 

The gas turbine drives the axial flow compressor which raises the incoming air from atmosphere pressure to 
furnace pressure. The combustion gases after heating the water and steam flow through the gas turbine to the 
atmosphere. The feed water after passing through the economiser is pumped by a water circulating pump to 
the tube evaporating section. Steam separated in steam separating section flows to the superheater, from 
there it moves to the prime mover. 

The size of the Velox boiler is limited to 100 tonnes/h because 600 B.H.P. is required to run the air compressor 
at this output. The power developed by the gas turbine is not sufficient to run the compressor and therefore 
some power from external source must be supplied. 

Advantages: 

1. The boiler is very compact and has greater flexibility. 

2. Very high combustion rates are possible. 

3. It can be quickly started. 

4. Low excess air is required as the pressurised air is used and the problem of draught is simplified 

Q-87 Draw a schematic of a Benson boiler and explain its working principle, pointing out its speciality 

[CSE (Mains) 2009 : 20 Marks] 
or 

With the help of a sketch discuss the working principle of a high pressure Benson boiler with advantages 

[CSE (Mains) 2010: 10 Marks] 

Solution: 

lr > the LaMont boiler, the main difficult experienced is the formation and attachement of bubbles on the inner 
surfaces of the heating tubes. 
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The attached bubbles to the tube surfaces reduce the heat flow and steam generation as it offers high thermal 
resistance than water film. Benson in 1922 argued that if the boiler pressure was raised to critical pressure 
(225 atm), the steam and water have the same density and therefore, the danger of bubble formation can be 
easily eliminated. The first high pressure Benson boiler was put into operation in 1927 in West Germany. 
This boiler too makes use of forced circulation and uses oil as fuel. Its chief novel principle is that it eliminates 
the latent heat of water by first compressing the feed to a pressure of 235 bar, it is then above the critical 


pressure and its latent heat is zero. 


Figure shows a schematic diagram of a 
Benson boiler. This boiler does not use any 
drum. The feed water after circulation 
through the economic tubes flows through 
the radiant parallel tube section to evaporate 
partly. The steam water mixture produced 
then moves to the transit section where this 
mixture is converted into steam. The steam 
is now passed through the convection 
superheater and finally supplied to the prime 
mover. 

Boilers having as high as 650°C 
temperature of steam had been put into 
service. The maximum working pressure 
obtained so far from commercial Benson 
boiler is 500 atm. The Benson boilers of 150 
tonnes/h generating capacity are in use. 



Advantages of a Benson Boiler Benson Boiler 

The Benson boiler posses the following advantages: 

1. It can be erected in a comparatively smaller floor area. 

2. The total weight of a Benson boiler is 20% less than other boilers, since there are no drums. This also 
reduces the cost of the boiler. 


3. It can be started very quickly because of welded joints. 

4. Natural convection boilers require expansion joints but these are not required for Benson boiler as the 
pipes are welded. 

5. The furnace walls of the boiler can be more efficiently protected by using smaller diameter and closed 
pitched tubes. 

6. The transfer of parts of the boiler is easy as no drums are required and majority of the parts are carried to 
the site without pre-assembly. 


7. It can be operated most economically by varying the temperature and pressure at partial loads and 
overloads. The desired temperature can also be maintained constant at any pressure 

8. The blow-down losses of the boiler are hardly 4% of natural circulation boiler of the same capacity. 

9. Explosion hazards are not severe as it consists of only tubes of small diameter and has very little storage 
capacity. 


10. The superheater in a Benson boiler is an integral part of forced circulation system, therefore no special 

starting arrangement for superheater is required. 


Q.88 Discuss the purpose of drum used in boiler and show internal details for mechanism of separation of 
moisture in drum. 

[CSE (Mains) 2010 : 10 Marks] 
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Solution: 

The function of drum used in boiler are: 

1 . To store water and steam sufficiently to meet varying load requirement. 

2. To aid in circulation. 

3 . To separate steam or vapour from water-steam mixture, discharged by the risers. 

4 . To provide enough surface area for liquid-vapour disengagement. 

5 . To maintain a certain desired ppm in the drum water by phosphate injection and blow down. 

Separation of steam from steam-water mixture discharged by risers is one of the important functions of drum. 
At low pressures (upto 20 bar) gravity separation is simply used. But at high pressures a positive means of 
steam-water separation is required. Mechanical separators like baffles, screens and cyclones which are housed 
inside the drum for separation of steam-water mixture are known as drum internal. Baffles plates are acting as 
primary separators. They change or reverse the steam flow direction, thus assisting gravity separation. Screens 
made of wire mesh act as secondary separators where the individual wires attract and intercept the fine 
droplets, just as fabric filters attract dust from gases. Cyclone separators utilize the centrifugal forces for 
separations of the two-phase mixtures, which is entered tangentially to direct the water downward and to make 
the steam flow upward. The steam then goes through the zig-zag path in corrugated plates, called dryers or 
scrubber, on the way out to help remove the last traces of moisture. 


Q.89 In a steam power plant, the steam generator generates steam at the rate of 120 t/h at a pressure of 
100 bar and temperature of 500°C. The calorific value of fuel used by steam generator is 41 MJ/kg with an 
overall efficiency of 85%. In order to have efficient combustion, 17 kg of air per kg of fuel is used for 
which a draught of 25 mm of water gauge is required at the base of stack. The flue gases leave the 
steam generator at 240°C. The average temperature of gases in the stack may be taken as 200°C and 
the atmospheric temperature is 30°C. Work out the following: 

(i) The height of stack required. 

(ii) The diameter of stack at its base. 

(iii) Draw the draught distribution considering balanced draught system in a steam generator and 
mention the advantages of balanced draught. 

Take the following steam properties for solution: 
h = 3375 kJ/kg, h f = 632.2 kJ/kg. 

[CSE (Mains) 2010 : 20 Marks] 

Solution: 


Given: m s = 120 t/h = 33.33 kg/sec, CV = 41 mJ/kg, Ti combustion = 0.85, m = Mass (kg of air per kg fuel) 
m = 17, /? = Draught of 25 mm of water gauge, T g = 200°C, T a = 30°C 
(i) Let H be the height of stack required. 


h = 353 H 

25 = 353 H 


T a ~ 

1 

303 


m + 1 1 

m T g. 

18 1 
17 473 


H = 66.7 m 

(ii) Let the diameter of stack at its base be d. 

Mass of flue gases = Mass of fuel + Mass of air 
m g = m F +m a 

Energy balance in steam generator, 

riiJh-hf) = m F x CVr) combustion 
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33.33(3375 - 632 2 )= m F x41x 10 3 x0.85 
m F =2.62 kg/sec 


m = 17m F +m F = 1 8m F = 1 8 x 2.62 =47.16 kg/sec 

p 9 = 353 (^)^ = ^(-Tr)* = 079 k9/m3 


where, 


Volume flow rate of flue gas = — ^ = 59.69 m 3 /sec 

0.79 

Flue gas velocity, V g = ^2 gH g 

H,= H r-=!-5L-ll-66.7flIx^- 1 


asv b 2l 


m + ir a 


18 303 


= 31.64 m 


v q = V2x 9.81x31.64 = 25 m/sec 


As volume flow rate of flue gas = — c / 2 x V = 59 .( 


59.69 x 4 
7i x 25 


= 3.04152 


d = 1.74 m 


Advantage of balanced draught: The balanced draught is a combination of forced and induced draught. 

1. If the forced draught is used alone, then the furnace cannot be opened either for firing or inspection 
because the high pressure inside the furnace will try to blow out suddenly and there is every chance of 
blowing out the fire completely and furnace stops. 

2. If the induced draft is used alone, then also furnace cannot be opened because of the cold air will try to 
rush into furnace as the pressure inside the furnace is below atmospheric pressure 

This reduces the effective draught and dilutes the combustion. To over come both the difficulties mentioned 
above either using forced draught or induced draught alone, balanced draught has an advantage of 
avoiding such problems and is always preferred. 

Draught distribution in balanced draught 


(Ap)forced draught q 

I t 


Dampers 


Windbox 
and burners 


Furnace 


Atmospheric pressure 


'induced draught 
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q 90 State the factors affecting the amount of draught produced in the boiler and discuss merits and demerits 
of induced draught system with reference to: 

(i) boiler efficiency (ii) fan maintenance 

(iii) power to drive the fan ( iv ) leakages. 

[CSE (Mains) 2011 : 10 Marks] 

Solution: 

ge amounts of air are needed for combustion of the fuel. The gaseous combustion product in huge quantity 
ave a ' so *° remov ed continuously from the boiler furnace. To produce the required flow of either air or 
combustion gas, a pressure differential is needed. The term draught or draft is used to define the static 

pressure in the furnace, in the various ducts and the stack. There are two ways of producing draught: 

(a) Natural Draught 

(b) Mechanical Draught 

The various factors affecting the amount of drought produced in the boiler are: 

1 . Density of atmospheric air. 

2. Temperature of atmospheric air. 

3. Height of chimney 

4. Average gas temperature Tg. Higher is the Tg, higher is the draught produced. 

5. Power input to the fans. 

6. Efficiency of the FD and ID fans. 

7. Exit velocity of the flue Gases. 

Merit and Demerits of ID system with reference to 

1 Boiler Efficiency : Induced draught system handle hot combustion gases and their power requirements 
are therefore greater, reducing the boiler efficiency. 

2. Fan maintenance : Because induced draught fans require water cooled bearings and handle hot combustion 
gases, their maintenance is more severe than forced drought fans. 

3. Power to drive the fan : ID fans require more power than FD fans. 

4. Leakages : Tendency to air leak into the boiler furnace is greatly reduced in FD fan leakages of air and 
gases are more pronounced in ID fans. 

Q -91 (i) Mention the unique features of modern high pressure boiler and describe the operation of LaM 

boiler with a sketch. 0n 

(ii) Representing on h-$ diagram, explain supersaturated expansion of steam in a nozzle Indicat 
Wilson line on diagram and state effects of supersaturation. 

Solution: [CSE (Mains) 2011 : 10 Marks] 

(0 The unique features of high pressure boilers are: 

(a) Method of Water Circulation: In all modern high pressure boiler plants, the water circulatio * 

maintained with the help of a pump which forces the water through the boiler plant. !b 

(b) Type of Tubing: In most of the high pressure boilers, the water circulated through the tubes and th • 
external surfaces are exposed to the flue gases. In most cases, several sets of the tubings are use^ 

(c) Improved Method of Heating: The following improved methods of heating may be used • 

(’) The saving of heat by evaporation of water above critical pressure of steam. 

('') The heating of water can be made by mixing the superheated steam. 

LaMont Boiler: [Refer Question No. 76] 

('') Supersaturated expansion of steam in a nozzle [Refer Question No. 20] 
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Q.92 A Rankine cycle based power plant is designed with super heat and reheat. 

(i) Sketch T-s diagram. 

(ii) Explain the effect of lowering/raising condensor pressure. . 

(Hi) Explain the effect of lowering/raising boiler pressure. t CSE (Mains) : 15 Mark s] 

Solution: 

Consider a Rankine cycle with superheat and reheat: 1 3 

(i) T-S Diagram ^ A / 

(ii) Effect of lowering//increasing condenser pressure: There a T "p, \ / 

is a considerable improvement in cycle efficiency with the / p^ 2 s( 

decrease of condenser pressure. Such a decrease mainly 6S / \ 

depends on the available cooling water temperature (f c1 ) and 4 45 ^ 

thus on the climatic conditions of the place. A lower cooling _* 

water temperature gives lower condenser pressure (higher 
vacuum). 

Thus, with identical steam conditions, cycle and similar equipment, the thermal efficiency of a condensing 
steam power plant will be less in a warm region than in a cold region. 

(iii) Effect of lowering/Raising boiler pressure: 

The maximum temperature of stream that can be used is fixed 5 i 

from metallurgical considerations, i.e. the materials used for the J /^ 2 ^\J ) 

manufacture of the components which are subjected to the high- / * p|\\\ / 

temperature steam. It is called the metallurgical limit. /Vj * Vv\ 

When the maximum temperature is fixed by this limit, as the 4 ljy \ \ \ 

operating boiler pressure at which heat is added in the boiler "3 * 2 

increases from P 1 to P 2 , the mean temperature of heat addition _-_ — _^ 

increases. But when the turbine inlet pressure increases from * s 

P, to p 2 , the ideal expansion line of steam shifts to the left and Eff6Ct ^ ° f pressure 

the moisture content at the turbine exhaust increases. ^ 

If the moisture content of steam in later stages of turbine is high, the entrained water particles along with 
the vapour coming out of nozzles with high velocity strike the blades and erode their edges as a result ol 
which the life of blade decreases, from the consideration of the erosion of blades in later staqes of 

rr«o?all betw 88,r iStUre COn,ent at ,Urbine eXhaUSt iS n0t a " 0Wed ,0 exceed 12% « quality of 

Q 93 A boile ; receives a flow of 5000 k 9/ hr liquid water at 5 MPa, 20°C and it adds energy to the flow to exit 
state of 450°C, 4.5 MPa. Determine the necessary minimum pipe flow area for inlet Ind ou leT mpe 

The velocity of water is maintained under 20 m/s. If this boiler is to ODeratP on ... UTIel PP • 

design changes in this type of boiler, Given properties of water: ’ S ° USS tW ° ^ 


p \\ < 

n \ \ 


Effect of increase of pressure 
on Rankine Cycle 


^inlet = 0001 m3 / k 9 


= 0.716 m 3 /kg 


[CSE (Mains) 2012 : 12 Marks] 

Solution: 

Given : Mass flow rate of liquid water m = 5000 kg/hr = 1.38 kg/sec 
Let the minimum pipe flow area for inlet and outlet pipes be A nlQ . and A 

iniei outlet' 

Velocity of water (\/ max ) = 20 m/sec. 
and v jnlet = 0.001 m 3 /kg 

So, Volume flow rate at inlet (O in)et ) = m v jnlet 

Qmet = O- 38 x 0.001) m 3 /sec = 1.38 x 10“ 3 m 3 /sec 






mnoE Ens* 

Also, 
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(A 


inlet ■'minimum 




Qnlet 1.38x10 3 ? 

= 20 = 70mm 


‘'max 

1.38x10~ 3 


= 19.71 m/sec 


Similarly, 


inlet'actual 70x10 -6 
^exit = 0.0716 m 3 /kg 

°exit = mV exjt = (1.38 x 0.0716)m 3 / sec = 0.098 m 3 /sec 


^exit^minimum 

(V ■) 

' exit'actual 


Oexit 0.098 /i o/io 2 

77 —~ = ———- = 4942 mm 2 [As O t = (A ) . x 1 / l 

Knax 20 exi * ' exit'min * maxi 

( 0.098 ^ 

V 4942 x 10~ 6 J ~~ 


= 19.83 m/sec 


So^tion: [CSE (Mains) 2013 : 10 Marks l 

Given: T g (Hot gases temperature) = 430°C, Chimney height (H) = 32 m T = 2 R° 
m = 17 kg of air per kg of coal burnt. ’ a 

(i) Draught height in mm of water. 


h = 353 H 


1 {m + U 1 




m )T, 


= (353x32) 


h = 20.52 mm 

(ii) Draught height in terms of hot gases 

Let the height of hot gas column producing the draught be H 


301 { 17 J 703 


H g = H 


_ 32 rrm 

U + iJr a J 32 [[i 8 J 


703 

x-1 

301 


38.58 m 


“ SSTtidT “ ,h * " 0Bimn * , g “ ■> » 

Solution- [CSE (Mains) 2014 • 10 Marks] 

Mass of lot gases flowing through the chimney 

rjn 9=P g AV g 

Since the density of hot gases is inversely proportional to its temperature, 

P g = j ' where C 1 = constant 


and Velocity of gases ( V g ) = C y j2gH g 


^ m g = 

3 

where, H g = hot gas column in m. 
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g an be written in terms of height of chimney (H) - 


Solved p apers 


H g =H 


m T g 

m + 1T a 


-1 


where, m = mass of air 


(kg)/kg of fue| 


Draught (AF) - gH(p a - p g ) 

volumes9 volume of products of combustion is equal to the volume of air supplied for combustion 
eing measures at the same temperature. Thus, volume of 1 kg of flue gas at NTP, 


-(i) 
. both 


T a - 


Volume of m kg of air per kg fuel at temperature 

v a = (0.7733 m) 

=> 1 


0.287 x 273 o „ 

^ 25 -= °' 7733 m /KS 




P» = 


273 

273 


0.7733 T a 


= 1.293 


The mass of the flue gas will be (m + 1) kg and its temperature is T g 

m +1 


/ 273 x 
\ T a / 


kg/nr 


From (i) 

Draught produced 

Also, 

From (ii) and (iii) 


?9 0.7733xmx(T / 273) 1 293 


( 273 ^ 

V Tg J 


(t)- 


353 (m +1 


T g \ m 


(A P) = 353 gH 


1 m +1 1 


T a m Tg 


3537 m + l^ 


7 r. 353 f 

(AP)-p g gH s = ; 


9Hr 


...(ill) 


353 7 m +1 
T n { m 


gH q = 353 gH 


- 1 -f m + 

T a V m )T 


H g = H 


m 




m + 1 T. 


~~— 1 


or 




V H 


+ 1 


Q.96 Explain with a sketch how heat is absorbed at various stages from feed 
water tube boilers. 


m +1 
m 


water to steam generation in 


Solution: 

In a water-tube boiler, feedwater is heated, in three kinds of heat 
exchanger i.e. economiser, evaporator (downcomer-riser circuit) and 
superheaters. Feedwater from the h.p. heater enters the economiser 
where it is heated by the outgoing flue gases till it is saturated liquid 
at that pressure and then it is fed to the drum. Saturated water falls 
through the downcomer into the bottom header and moves up through 
the riser where water is partially boiled back into the drum. 

Saturated steam from the drum goes to the superheaters for being 
heated to the desired temperature. For each kg of steam formed, the 
heats absorbed in the economiser (in the liquid phase), in the 


[CSE (Mains) 2015 : 15 Marks] 
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evaporator (liquid to vapour transition) and in the superheater (in the 
vapour or gas phase) is given by 
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^eco ^2 
^eva ~ ^ 3 ~ ^2 
^SH = ^4 _ ^3 

^rh = h 5 

The use of large number of feedwater heaters means a smaller economiser and a high pressure means a 

snna er oi er surface (risers). Thus a modern high pressure steam generators require more superheating and 
reheating surfaces and less boiler surface. 



Q.97 What is the function of an economiser in a thermal power plant? Why are the economiser tube* nft» 
provided with fins on the gas side? Explain. en 

Solution: [CSE (Mains) 2016 : 10 Marks] 

An economizer is a heat exchanger which raises the temperature of the feed water leaving the highest r 
feedwater heater to about the saturation temperature corresponding to the boiler pressure This is done 6881 ^ 6 
hot flue gases exiting the last superheater or reheater at a temperature varying from 370°C to ° ne ^ 

makes the utilization of hot flue gases in heating feedwater higher efficiency and better econom C ° n ° mizers 
this heat exchanger is known as economizer. Modern economizers are open designed to allow some^ I 1 . 6006 
the feedwater in the outlet sections, upto 20 per cent quality at full power, less at part loads Th 6 °' 
termed as “steaming economizers”. ^ are °^ en 

Economizer tubes are commonly 45-70 mm in outside diameter and are made in vertical coils of 
tubes connected between inlet and outlet headers with each section formed into several horizontal^ 0 ^ 
connected by 180° vertical bends. The coils are installed at a pitch of 45 of 50 mm spacing, which de^ends^ 
the type of fuel and ash characteristics. on 

The gas-side heat transfer coefficient is much less than the water-side heat transfer coefficient. To comne 
this, the outer surface of the tubes (Gas-side) are often provided with fins to increase the surface areefoHh 6 
heat transfer and improves effectiveness of economizer. e 


. 
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Solved Pape rs 


7. Compressible Flow 


Q.98 


What are the fan laws? Discuss atleast three 
power plant. 


methods which are used to control fan output ( Q) in , 

[CSE (Mains) 2001 : 20 Marks) 


Solution: 

The Fan Laws are the basic proportional relationships between fan speed, flow, pressure, and power. They are 
most useful for determining the impact of extrapolating from a known fan performance to a desired performance 
The most common change made to a fan is that of altering its rotational speed. The fans operate under a 
predictable set of laws concerning speed, power and pressure. A change in speed (RPM) of any fan 
predictably change the pressure rise and power necessary to operate it at the new RPM 



Where Q- flow, SP - Static pressure, kW - Power and N-speed (RPM) 

Once a fan system is designed and installed, the fan operates at a constant speed. There may be occasions 
when a speed change is desirable, i.e., when adding a new run of duct that requires an increase in air flow 
(volume) through the fan. There are also instances when the fan is oversized and flow reductions are required 
Following three methods can be used to control fan output in a power plant. 

1. Pulley Change : When a fan volume change is required on a permanent basis, and the existing fan can 
handle the change in capacity, the volume change can be achieved with a speed change. The simplest 
way to change the speed is with a pulley change. For this, the fan must be driven by a motor through a V 
belt system. The fan speed can be increased or decreased with a change in the drive pulley or the driven 
pulley or in some cases, both pulleys. 

2. Damper Controls: Some fans are designed with damper controls . Dampers can be located at inlet or 
outlet. Dampers provide a means of changing air volume by adding or removing system resistance. This 
resistance forces the fan to move up or down along its characteristic curve, generating more or less air 
without changing fan speed. However, dampers provide a limited amount of adjustment, and they are net 
particularly energy efficient. 

3. Variable Speed Drives: Although, variable speed drives are expensive, they provide almost infinite 
variability in speed control. 
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Variable speed operation involves reducing the speed of the fan to meet reduced flow requirements. Fan 

PG th C3n predicted at different speeds using the fan laws. Since power input to the fan changes 

^eed cont^ °\ ^ ^° W W '" USUa ^ the most efficient form of capacity control. However, variable 

sp n ro may not be economical for systems, which have infrequent flow variations. When considering 

e speed drive, the efficiency of the control system (fluid coupling, eddy-current, VFD, etc.) should 

be accounted for in the anaiudo ^ 

. me analysis of power consumption. 

^ ^ characteristics ^° U understancl by Fanno flow. Show its plot on h - s diagram and give its 

r s ::;* d duct with a Mach number of 0.2. The initial temperature and pressure are 
290 K and 20 bar respectively. Determine: 

r\ ^ 6SSUre and tem P er ature at a section of the duct where the Mach number is 0.8. 

..... . IS .M? Ce etween these two points if the duct diameter is 10 cm and friction factor is 0004. 

'") W u ha Wl " be the ma xirnum length of the duct to avoid choking? 

Use the following table: 


M 

P/P* 

T/T* 

4 ^max'D 

0.2 

5.455 

1.19 

14.533 

0.8 

1.289 

1.064 

0.073 


[CSE (Mains) 2005 : 30 Marks] 
or 


Show Fanno line in adiabatic flow with friction on h-s diagram and explain the physical significance. 

[CSE (Mains) 2010 : 20 Marks] 


or 


Explain what you mean by Fanno flow. Clearly mention the assumptions made and governina eauatinnQ 
involved in the Fanno flow. H 


[CSE (Mains) 2016 : 10 Marks] 


Solution: 

Theory Part: Fanno Line: 

* The line representing the locus of points with the same mass 

velocity and stagnation enthalpy is called a Fanno line. 

* It is a one-dimensional model for adiabatic flow in a constant 
area duct with friction. 

* Steady, 1 -d, constant area, adiabatic flow with no external work 
but with friction 

* It is a combination of continuity and energy equations. 

* Conserved quantities during Fanno flow: 

- since adiabatic, no work: h 0 = constant 

- since Area =constant; mass flux = pi/ = constant 
-combining: h Q = h + (pv) 2 /2p =constant 

* Velocity change (due to friction) associated with entropy change 

* Friction can only increase entropy leading to maximum entropy when M = 1 
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Solved Pape rs 



Schematic T-s diagram for 
frictional adiabatic (Fanno-line) 
in a constant-area duct. 



Schematic of Fanno-line flow o 
T-s plane, showing reducing inlocal 
isentropic stagnation pressure 
caused by friction 


Property 

Subsonic 

M < 1 

Supersonic 
M< 1 

Obtained from: 

Stagnation 

temperature 

T 0 = Constant 

T 0 = Constant 

Energy equation 

Entropy 

st 

st 

T ds equation 

Stagnation 

pressure 

P 0 4 

P 0 4 

T q = constant; s T 

Temperature 

Ti 

rt 

Shape of Fanno line 

Velocity 

Vt 

Vi 

Energy equation, and trend of T 

Mach number 

M T 

Mi 

Trends of V, T and definition of M 

Density 

p i 

pt 

Continuity equation, and effect on V 

Pressure 

pi 

P t 

Equation of state and effects on p, T 


Numerical Part 

(i) P 2 


^2 


(ii) As, 


4 f L 
D 


4 f L 
D 


(P/P*) 2 p _ 1-289 
(P/P*)-i 1 5.455 


= 0.4726 bar 


(T/T*) 2 __ 1.064 

(T/D i 1 1.19 


x290 


= 259.3 K 



4nax 

D 


\ 

Jm,=0.2 


//if 


4^ 
D 


iax 


\ 

,W 2 =0.8 


14.533-0.073 


14.46 


=> Length, L 


14.46x0.1 

4x0.004 


= 90.375 meters 


(iii) Limiting value of Mach number is unity to avoid the chocking, 


4 fL 

urn 


r 4 IL) 

D 

0 J 

W, = 0.2 

D 

\ J 


[D = 10 cm, f= 0 . 004 ] 


^ ^-max 

D 


14.533 - 0 ;L max 


14.533x0.1 

~4^ao04~ = 90.83 meters 
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Q.100 Define Rayleigh flow. Give one practical example of Rayleigh flow. 

Show that the Mach numbers at the maximum enthalpy and maximum entropy points on the Rayleigh 


line are = and 1.0 


respectively. 


Solution: 

Rayleigh flow. Rayleigh flow refers to frictionless, non- 
adiabatic flow through a constant area duct where the effect 
of heat addition or rejection is considered. Rayleigh flow is a 
model describing a frictionless flow with heat transfer through 
a pipe of constant cross sectional area. 

Practical Example of Rayleigh Flow: Heat transfer process 
in heat exchangers and combustion chambers by ignoring 
frictional effects. 

Part 2 

Governing Equation 

The energy balance on the control volume reads 

Q = d2 - 7"oi) 

The momentum balance reads, 

A(P,-P 2 )= m(V 2 -VJ 
The mass conservation reads, p = p 2 U 2 A = m 


[CSE (Mains) 2006 : 6 + 14 = 20 Marks] 



Supersonic 


Subsonic 


P=PV 


Equation of state, 


A = A 

Pl^l P2^2 

P = 1 + kMl 



The density ratio can be expressed in term of mass conservation as, 


The temperature Entropy Diagram For 
Rayleigh Line 


=JkRT 2 r _ 

Pi _ U ? JkRTz _M 2 K 

72 1 + kM? M 2 [?[ 

T] = 1 + /cM| 

Transferring the temperature ratio to left hand side and squaring results in, 

T 2 \ukM[\(M^) 


T\ ~ [l + WMf JlM, J 

The Rayleigh line exhibits two possible maximums one for dT/ds = 0 and for ds/dT= 0. The second maximum 
can be expressed as dT/ds = ~ The second law is used to find the expression for derivative. 


Si-% mi-'SrlinS. _ 2ln[ (1+ - kM h ^j + ^Jl±^ 
C p = /, k P, ' [(1 + kM|)M,J k [l+kM? 


Let the initial condition M, and s, are constant then the variable parameters are M 2 and A derivative of 
equation results in 








C p dM 


A'- 


Take the d ’ r Wp uivi M(1 + kM 2 ) 

vative of the equation when letting the variable parameters be T 2 , and M 2 results in 

1 -kM 2 


dT 


= constant x- 


Combining equations and by eliminalfng dM results to*™ ’ 

M(1 -kM 2 ) 


dT 


= constant x- 


OnT-sdiaara - ds ..(1-M 2 )(1 + WW 2 ) 2 

m 3 am ' ly of curves can be drawn for a given constant. For every curve, several observations 

" eqU h a ' T r ° Whm 1 - kM2 = 0 M ^ « ^en M _ o. 

increase of entropv And rnnif^ Wh6n M = ^ Fr0m therm odynamics, increase of heating results in 

ling results in reduction of entropy. Hence, when cooling applied to a tube the 

heau's^fedme 1 ^empIratoeTs^c** inCreaSeS ' P ° in ‘° fM = Whe " additional 

the choking point The chock! i ! deriVa ' iVe iS negative ' d77cfe < °' yet not this P° int * not 

to supper sonic flow occurs when the a T V ™ M = 1 beCaUSe 11 Vi °' ateS the second law ' The transition 

explained by the fact increase of eneraTmusth 65 ' Wha ' S ' milarly ,0 Fanno flow ' yet ' ch °cking can be 

supersonic flow is lower and therefore ^ f ^ adcompanied by 'ncrease of entropy. But the entropy ol 
lower and therefore it is not possible (the maximum entropy at M = 1 ). 

Q.101 With the help of diagrams, explain the following- 

(I) Normal shock (II) Oblique shock 

(in) Attached shock and <iv) Detached shock 

Explain why shock-waves cannot develop in a subsonic flow 


Solution: 


[CSE (Mains) 2008 : 20 Marks] 


(0 Normal shock: Normal shocks are a fundamental type of shock 
waves. The waves which are perpendicular to the flow, are called 
normal shocks. Normal shocks only happen when the flow is 
supersonic. 

These shocks decelerate the flow to subsonic speeds. These 
shock waves are highly localised irreversibilities in the flow. Within 
the distance of mean free path of a molecule, the flow passes 
from a supersonic to a subsonic state, the velocity decreases 
abruptly, and the pressure rises sharply. 



Supersonic 


Subsonic 



Normal shock 


(ii) Oblique shocks: An oblique shock wave unlike a normal shock 
is inclined with respect to the incident upstream flow direction It 
will occur when a supersonic flow encounters a corner that 
effectively turns the flow into itself and compresses. The upstream 
streamlines are uniformly deflected after the shock wave. The 
most common way to produce an oblique shock wave is to 
place a wedge into supersonic, compressible flows. 



S,m,lar to a normal shock wave, the oblique shock wave consists of a very thin region across which nearly 
discontinuous changes in the thermodynamic properties of gas occurs. While the upstream and downstream 
flow directions are unchanged across a normal shock, they are different for flow across an oblique shock 
wave. It is always possible to convert an oblique shock wave into a normal shock by Galilean transformation. 



I 
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(jii) Attac e s ock. These shocks appear as "attached" to the tip of a sharp body moving at supersonic 
speeds. Examples are supersonic wedges and cones with small apex angle, if the wedge angle is less 
than this detachment angle, an attached oblique shock occurs. 


(iv) Detached shock. Detached shocks are curved and form a small 
distance in front of the body. Directly in front of the body, they 
stand at 90 to the on coming flow and then curve around the 
body. These follow the strong-shock" solutions of the analytic 
equations, meaning that for some oblique shocks very close to 

the deflection angle limit, the downstream Mach number is 
subsonic. 



A detached shock wave occurs when the maximum deflection angle is exceeded. A detached shock is 
commonly seen on blunt bodies. Examples of detached shock include space return vehicles, bullets, Bow 
shock of a magnetosphere, etc. 


Shock waves cannot develop in subsonic flows. Shocks are 
introduced to increase the pressure and hence it is a deceleration 
process. Therefor shocks are possible only when the fluid velocity 
is maximum. In a subsonic flow, the velocity of fluid is less than 
the critical velocity and hence deceleration is not possible. Thus, 
shock waves cannot develop in subsonic flow. 



Q.102 Derive an expression for the Mach number after a normal shock wave occurring in a nozzle. Show 
the trend of this Mach number, (in the form of an x-y plot) with respect to the Mach number value 
before the shock. 

[CSE (Mains) 2009 : 15 Marks] 

Solution: 


Expression of the Mach number after a normal shock in a nozzle: 

Let a normal shock wave is occurring in a nozzle. 

M is Mach number after the shock M is Mach number before the shock. 
y 

Similarly, P x 7 be the pressure and temperature just before the shock. P y , T y be the pressure and temperature 
just after the shock. 

ASi p x V x = p y V y (continuity equation) 


Also, 


HT r 


■V r - 


Jj-V 

RTy Y 


Ty Py Vy P y M y C y _ Py M y jfy 

D 

X ,T, X 


P X V X p„ M x c x P r M r V L 


L 



rp f 

'My f 

— 

UJ 

W 


1 + 

Tj_ = 


T r 


7-1 


Mt 


1 + 


y-1 


2 n 2 


[As C = 


-CO 

-(H) 











—(iv) 


1+ fVH 2 K fi+Mlf 
2 y 


or (M t+ yM x M 2 y f[ l+^j/W, 2 j= (M y + yM 2 x M y f^ + 


Rearranging this equation, we get 


,2 . 2 


Ml = 


,v 'y = 2y o < M y> 07 

^ 2 -1 t 0 6 

0.5 

Variation of downstream Mach No. ( M y ) with respect to o.^ 

upstream Mach No. ( M x ). o.» 

Q.103 For normal shock wave derive the following expression: 

P, L 2 J Ly + 1 Y+iJ 
where x and y are the conditions before and after the shock wave 



1 2 3 4 5 6 7 8 


[CSE (Mains) 2010 : 10 Ma r ^ 
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Solution: 

For a normal shock wave: 
To derive: 


To derive: Jk - N-IzImjV 1 .\*L M * x - 1=1 

p * L 2 y J Ly +1 Y +1 
where -v and y are the conditions before and after the shock wave. 


P P P 

oy _ [oy_ 

p p ' p 

x r y r x 


SL. (Toy V-' 




[For adiabatic process] 


3L = 1 + flzlWl Y_1 

P, 9 M y 


Py _ 1 + yM 2 x 
1 + 


M 2 X + — 

M*=— Y- 1 
V 2y 9 

1 

y-1 * 


Putting the value of M y 2 from equation (iv) in equation (iii), we get 


UyM ; + 

(-~j ^-1 + yM* + -? 3 L 

It- i y-1 


2 Y a >,2 


A €-1 


(1 + YMf)x| -1 j (l + ^x^ Mf-i 

-^ + yV+(-?3L-i 1 3<Y +1 ^M 2 +f T+1 l 
U- 1 J U -1 J Y-1 x \^~1 


Y +1 


(1 + YM 2 )xf-^T-M 2 -ll 

■ - r 4 T - 1 ) - iLW Jlzl) 

1 ^( T M 2 + 1) U +1 J [y+i J 
U-V 

(p ) (P°y) 

Putting the values of — from equation (v) and -5- from equation (ii) in equation (i) 

< P x ) \ r y ) 

= [l + f^k 2 F jil-Mf-lzl' 

P x Py p x L v 2 J J Ly + i y+i 


... (iii) 


... (iv) 


- (V) 
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Q. 104 Air flow is entering to a frictionless duct of 0.3 m diameter at a velocity of 580 m/s and a Mach number 
of 2. A 100 kj/kg of heat is added to the flow and Mach number of 1.2 is attained. Determine 

(i) change in enthalpy of flow, 

(ii) change in kinetic-energy of the flow, 

(iii) change in static pressure in terms of inlet pressure 
Comment on result and show the process on T-f diagram. 

[CSE (Mains) 2011 : 20 Marks] 

Solution: 

Given: Air flow through frictionless duct with Heat Transfer (Rayleigh flow) 

Inlet conditions are 

l/, = 580 m/sec 
M, = 2 

Diameter, D 1 = D 2 = 0.3 m 

Q-i _ 2 = 100 kJ/kg (Heat addition) 

Outlet conditions: /W 2 = 1.2 , 

From 1 st law of thermodynamics, 

h 1+ ^ + Q = h 2+ yt 



Pteviacn 
Solved Pap er , 


and 


5l 

p^ 


5. _ 1 + Y M 1 2 _ 1 + (1.4x2 2 ) 
P\ 1 + yM| 1 +(l.4x1.2 2 ) 


6.6 

3.016 


2.188 


(iii) Change in static pressure in terms of inlet pressure, 
P 2 -P y = (2.188 P 1 -= 1.188 P 1 


Also, 


Vi 



163.85 kJ/kg 





Steam Engineering ◄ 267 


HI00E EPsy 

(ii) Change in kinetic energy of flow, 


yl^yi 

2 


580 2 - 456.85 2 > 

2000 = 63-85 kJ / k 9 


Q 105 pxnrp<?qinn ^° U ^ efine the stren Qth of shock wave? What do you mean by weak shock? Also find the 
expression for the strength of shock in terms of density ratio 

[CSE (Mains) 2012: 10 Marks] 

Solution: 

g of the shock wave is defined as the ratio of the pressure increase to the initial pressure, i.e. 


Where, 


^strength) = 5 :—!j_ = .5L_i 

P, 

P y = Pressure downstream of shock 


p x = Pressure upstream of shock 

Weak shocks are shocks across which the differences in velocity, pressure and density are all very small 

I m™ r, ap , pr0x,mated as < = V- (^y - v * = <P, - P t ) ( Py - p, - <*). etc. These weak shocks are 

almost isentropic (reversible). r y 


/^strength) = 


. . . (i) 


Also according to Rankine - Hugoniot Equation, 


T +1 V Py 


Y-VIP,J 
'Y + f)_Py 
,T-lJ P, 


y 

Putting value of 7T in equation (i) strength of shock wave in terms of density ratio 

L 'X 7 


■ ■ • (ii) 



106 A stream of air flows in an insulated tube of constant cross-sectional area of 0.9 m. At a section 
>he pressure is 0.6 bar, temperature is 22”C and mass velocity is 150 kg/s-m 2 The pressure in S n ar ^ 
i" which tube exhausts is so low that choking condition prevails. M ce 
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Determine, 

(i) Mach no. at section 1. 

(ii) Mach no., temperature and pressure at the exit of tube. ^ (ube stationary 

(iii) Total force exerted in axial direction which must be exerted t 

Given, R~ 287 J/kg-K y= 1.4 

Panno line (Adiabatic constant area flow with frictio ) 


table y = 1.4 


1-1- 

M TIT m 

1 ~ 

e/e* pip 

Pol Po 

nr 

4 rr. ra ,'Q 

1- 

0.58 

1.124 

0.615 

1.828 

1.213 

1.121 

0.576 

0.60 

1.119 

0.635 

1.763 

1.188 

1.105 

0.491 

— 

0.62 

1.114 

0654 

1.703 

1.166 

1.091 

0.471 

0.64 

1.109 

0.674 

1.646 

1.145 

1.079 

0.353 


[CSE (Mains) 2012:20 Marks] 


Solution: 

Given: Area = 0.9 m 2 , 

At section 1: Pressure (P.) = 0.6 bar. T,=22°C or 295 K. (pv) mass velocity = 150 kg/s-m 

P= p RT 

As, P, = p^T, [From ideal gas equation] 

P, 0.6 x10 5 


Mass velocity, 


P ' RT, (287)(295) 
p,V, = 150 


= 0.708 kg/nrr 


150 150 

I/, = — = -^- =211.6625 m/sec 
1 o, 0.708 


1 


2 







1 


2 


As, 


(i) 


M. = 


M, = 


V, 


■JW, 


211.6625 


71.4x287x295 


= 0.62 


(ii) As the choking conditions prevails at exit, M ? = 1 
From chart, corresponding to (M= 0.62) 

~ = 1.114 => r = r 2 = 
T 


T 


295 


and 

As, 


-r = 1.703 => P* = P 9 = 
P 2 

P = p*pr 

0.3523 xIO 5 


1.114 1.114 

P = 0.6 
1.703 ~ 1.703 


= 264.81k 
= 0.3525 bar 


P = 


(287)(264.81) 


150 


= 0.4635 kg/nr 


Velocity at exit V * = - 4g3 ~ = 323.57 m/sec 

Let f x be the total force exerted in axial direction to hold the tube stationary. 
(P 1 -P 2 )A= m(V 2 -^)+f x 


[As V* p* = 150] 








mpoe 


EPSU 


( P 1 P 2 )A = p AV[V 2 -V.) + / 5 c 

(0.6 - 0.3523) x 10 s *0.9 = 150 x 0.9(323.57 - 211.6625)♦ f, 

f *~ 22293- 15107.5125 = 7185.4875 N 
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q 107 What is the effect of Mach number nn 

in terms of Mach number F 00 ^ compressibll,t y ? Deriv © © n expression for pressure coefficient 


[CSE (Mains) 2013 : 10 Marks] 


Solution: 

Mach Number is the ratio of sdpph of „ 

to the speed of transmission of small ■ ^ ° ' hS SPeed ° f S0Und in the 9as ' 1,16 speed of sound is equal 
Accordino tn a , ' lsen,ro P lc disturbances in the flow. 

According to conservation of momentum equation, 

(pl /dv = - do) ,-v 

where, p is fluid density, V\s the velnritv an H Di „ *u ■ • ■ W 

velocity and pressure preSSUre ' dVand differential changes in the 

Also , for isentropic flow conditions 

P 

= constant 


Also, 


V y 

dP 

P 


dp 

= y — 

P 

P = p RT 
dP = (VRTjdp 


^ dP = ypSffL 
p 


From (i) & (jj), 


Speed of sound(a) = ^Rf 
(dP = aPdp) 

p Vdv = - a 2 dp 
pv 2 ^- = -a 2 dp 


• ■ • Oi) 


or 

So 


(\/ 2 \ 






V 

dV_ 

V 

dV_ 

V 


dp 

P 

dp 

P 


( M= Mach number) 


(iii) 


OU, * ' 

(') For low speed or subsonic conditions, the Mach number is less than one, M< 1 and the 

number, is very small. Therefore, change in density is very small. For the low vai. ° f 

(M < 0.3) compressibility can be ignored. acb Numl 

('') When Mach number is nearly equal to one, M = 1 and flow is said to be transonic For 

change in density is nearly equal to the change in velocity. ra nsonic flo 

(iii ) When M> 1 and flow is said to be hypersonic or supersonic. For such flows, the den t 

than the velocity changes by a factor equal to square of Mach Number. CompressibiUtv C f l? an9es fa{ 
m ore important with higher Mach number. ye ects becc 

et the pressure coefficient be C p 


Pa-P. 






• • • (i) 


-(") 


Q.108 Derive an expression for entropy change across a normal shock wave occurring in a nozzle. Show 
the trend of this entropy change (in the form of a diagram), with respect to the Mach number value 
before the shock. 

[CSE (Mains) 2013 : 15 Marks] 

Solution: 

Entropy change across a normal shock wave occurring in a nozzle. (Control volume) 

The normal shock waves are extremely thin, so the entrance and exit 
flow area for control volume are approximately equal. Assuming 
steady flow with no heat and work interactions and no potential energy (M, > i) 
changes. Denoting the properties upstream of the shock by subscript 
1 and those downstream of shock by 2. 

The intersection of the Fanno and Rayleigh lines at two points (points 
1 and 2) represent the two states at which all the conservation 
equations are satisfied. 

One of these (state 1) corresponds to state before the shock, and the other (state 2) corresponds to the 
state after the shock. 

Entropy Change = S 2 - S, 



T, 


P, 
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where, — 


T: { P, ) l M, 


5. = 1 ± yMf ( _ y r 

p i 1 + y M|V P y - “ 


U -1 J [1 1+ ym| |^m 1 J J [i+ym| 

S 2 - Sl = (^)nfl±Ml(M| ;n r^|_ R;n f 
u-ij (i+yM|J (y-iJL (m,JJ [ 


S 2 S 1 - 




Y-1 J I 1 + yM| y-1 l M- 


1 + y M* 
1 + Y Mf 


f £j Ss 

Shock; </&/ 

™ve 


where, M| = 


1 y-1 

P-M -1 


S 2 - s, 


(S 2 - S 1 > 0) 


A plot of non-dimensional entropy change across the 
normal shock f ^ 2 „ —1 versus M, (Mach Number before 


(S 2 -S 1 <0) 


normal shock —J versus M 1 (Mach Number before impossible 

shock) Subsonic M, = 1 Super sonic 1 

Note : Shock waves can exist only for supersonic flows, befo ?™hock 

M 1 > 1, for adiabatic flows. 

Q.109 Derive the following expression for normal shock in an ideal gas: 

Px Y +1 * Y + 1 

where a: and y are conditions before and after the shock, y is ratio of specific heats and M is Mach 


number. 

Solution: 

In an ideal gas, for normal shock. 

(P y _ 2V A/) 2_Yz! 
To prove: I y - x y +1 


[CSE (Mains) 2014 : 10 Marks] 


Here * and v are conditions before and after the shock, y is ratio of specific heats. 


For normal shock, 


P, + P, K 2 = p y + Py V , 2 

P + -£rV?S= P y+ -^V? 


y 'P x \/2 _ p + J^y-v 2 

- Vy- 1 V TIT V 






Py 1 + Y M* 
~P X = 1 + y M 2 y 



Putting value of My from eq. (iii) in eq. (i), 





+1 


(p-i) 

(p+D 
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8. Nuclear Power Plant 


q IIO A nuclear power plant is set up with a generating capacity of 10 MW, the capital cost being 
Rs. 80,000 per kW. It meets the following demands: 

(') Service sector: Total load 400 kW at 30% load factor 

(ii) Cottage industries: Total load 3-6 MW at 50% load factor 

(iii) Household: Total load 6 MW at 20% load factor. 

e !if tiVe C ° St the p,ant is Rs 30,00,000 per annum and annual rate of interest and depreciation 
is as per promotion policy of government, a flat rate is to be charged from all categories of 

consumers, ca culate the overall production cost. If the power is sold at the rate of production cost, 
es ima e e oss/gain each sector consumer will get per kWh for power consumed. 

[CSE (Mains) 2006 : 30 Marks] 

Solution: 

Given: Capacity = 10 MW, Capital cost = 80000 per KW 
Energy supplied per year to all three types consumer. 

= [400 x 3 + 3600 x 0.5 + 6000 x 0.2] x 8760 = 3120 x 8760 kWh 

Operating charges per kWh = — ^° x °°° 60 = 0.10976 or 10.976 paise 

As, Capital cost of the plant = 80 x 10 3 x 10000 = t 8 x 10 8 

Fixed charges per year = 0.1 x 8 x 10 8 = ? 8 x 10 7 

?r x i n 7 

Fixed charges per kW = —-= ?8000 

10 4 kW 

(i) For service sector consumers: 

Total charges = 400 x 8000 + 0.10976 x 400 x 0.3 x 8760 = ?33,15,379.7 

^ n 11An _ ?33,15,379.7 _ 

Overall cost per kWh = ——— r = ^3.154 


(ii) For cottage industries: 


400x0.3x8760 

Total charges = 8000 x 3600 + 0.10976 x 3600 x 0.5 x 8760 = ? 30,530 695 68 
?30.530,695.68 


Overall cost per kWh = 


1800x8760 


= ?1.936 


(iii) For household consumers: 

Total charges = 8000 x 6000 + 0.10976 x 6000 x 0.2 x 8760 = ?49. 153,797 12 
?49.153,797.12 


Overall cost per kWh = 


1200x8760 


= ?4.676 
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1. Introduction and Basic Concepts 



Q.1 Show that the COP of a cascade refrigeration system is 

COP = CQP 1 X cop 2 
" 1 + COP,+ COP 2 

where COP 1 and COP 2 are COP’s of low temperature and high temperature side respectively. 

[CSE (Mains) 2005 : 20 Marks] 

Solution: 

Consider a cascade refrigeration system as shown in figure where 7", <T 2 < T 3 . 

Two refrigerators, R-1 and R -2 are low and high temperature side refrigerators, 
respectively. 

We have: 


COP 1 = and 

1 W, 


Op 

C0P >=t 


n vv 2 

For 1 st refrigerator, from 1 st law of thermodynamics, 

Q 2 = Q 1 + W, 

POP - ° 2 = Q i + 

2 ~ W W 2 

For the over all system 

Net refrigeration effect between temperatures T, and 7 3 = Q 
Network input = + W 2 



■w< 


Wo 


Overall COP = 


Q 


i _ 




1 


COP = 


W,+W 2 _0 1 + 

COP/ COP 2 

COPt • COP 2 


1 


1 


1 + CO^ + COP 2 


COP, 
Flence, proved. 


t 1 +1 / COP 1 
' COP 2 


1 CO^ +1 
COP, + COP, X COP 2 


Q.2 A customer complained of poor cooling for an air-conditioning system of 100 TR capacity. The supplier 
carried out test on condenser which is water cooled and noted power input to the motor. The 
observations made are as under: 

Cooling water flow rate : 10 Litre/sec 

30°C 
41.12°C 

120 kW (94.92% efficiency) 

Determine the actual refrigerating capacity and state whether the cooling capacity is lower, higher or 
as per specifications. 


Inlet water temperature 
Outlet water temperature 
Power input to motor 


[CSE (Mains) 2008 : 20 Marks] 






T, = 30°C 


m u 


t. 


Condenser Q k 


275 


i Cooling water 
J T= 41.1 


Expander 


.12°C 


W- 



Evaporator 

Qo 


IflppE EPSU 
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Solution: 

Given: Capacity = 100 TR, 
m w = ^0 litre/s, T t = 30°C. T e = 41 12 o C 

Consider the refrigerating/AC system as shown below 
Condenser details: • 

= 10 litre/sec 

= 10 - 10 -3 m 3 /sec 
. = 10 ~ 2 m 3 /sec 

eat rejection rate in condenser = rate of heat gain by water 

^ Q k = m w C pw (T e - T;) 

= 1 0 -2 m 3 /sec ■ 10 3 kg/m 3 -4.168 kJ/kg°C ■ (41.12-30)°C 

[As p w = 1000 kg/m 3 ] 

= 463.482 kW 

Ideal power input to motor = 120 kW 

Actual power input to motor = 12 x 0.9492 = 113.904 kW [As motor efficiency = 94.92 X] 

From 1 st law of thermodynamics, 

Q k =Q 0 +W 

=> Q 0 = Q k - W= 349.578 

Refrigeration capacity, Q 0 = 349.578 kW = 99.4 TR 

This is slightly lower than ideal or specified cooling capacity. 

Q.3 An air refrigerator used for food storage provides 50 tons of refrigeration. The temperature of air 
entering the compressor is 7°C and the temperature of air before entering into the expander is 27°C. 
Assuming 30% more power is required than theoretical, find (i) actual COP of the cycle and (ii) kW 
capacity required to run the compressor. 

The quantity of air circulated in the system is 100 kg/min. The compression and expansion follow the 
law pv 1 3 = constant. Take y = 1.4 and C p = 1 kJ/kg-°C for air. 

[CSE (Mains) 2013 : 25 Marks] 

Solution: 

Given: RC=Q 0 = 50 TR, 7, = 7°C = 280 K, n 2S Pl = Const 

7g = 273 + 27 = 300 K, m a = 100 kg/min 

Consider the air refrigerator as shown in T- S diagram here 
Compression and expansion processes follow polytropic 
processes with n = 1.3. 

Refrigeration effect, Q 0 = 50 TR 

= 50 x 3.5167 kW 
= 175.835 kW 

As, Quantity of air circulated = 100 kg/min = 1.67 kg/s 

Refrigeration effect = m a c p (J\ - T 4 ) = Q 0 = 175.835 



n = 1.3 


n= 1.3 


P-i = Const. 


T, = 280 k 


r = 174.71 K 

4 


For 


process 3-4: 


5l 

Pa 


nln -1 


300 

174.71 


1.3/1.3-1 


= 10.411 


s 'nce heat addition and heat rejection are constant pressure processes, 


5. - -£■ = 10.411 

Pa ' P^ 
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For process 1 -2 


Actual COP of cycle, 


7- . r,I . = 280 x (10.411)'’ 3 - 11 ' 13 = 480 8 K 


On 


^(n-1)/n 

175.835 


W 163.93 
Ideal work input required to run compressor, 


= 1.07 


W c = m a 


Ft(T 2 -Ti) 


n-1 

= 414.43 kW 


'-■n 


= m t 


1.3 1 . 4-1 


' 1 . 3-1 1-4 


• 1 .( 480 . 8 - 280 ) 


Assuming 30% higher capacity is required to run compressor, actual required capacity of compressor 

= M/x 1.3 = 538.76 kW 


Expander work, 


Wr = 




NET 


Actual COP = 


^MR(7 3 - 7 4 > = gx^x^OOO-l?^/!) =258.817 KW 

(^ACTUAL “ W E 

538.76 - 258.82 = 279.52 KW 

D-E 50x3.5 


W NET 279.52 


= 0.626 


Q.4 It is thermodynamically advantageous to employ a heat pump rather than employing a direct electrical 
resistance heater for a room air heating application. Explain Why. 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 

Schematics of a heat pump and an electrical resistance heater are as shown below - 



Direct electrical resistance heater converts the supplied electrical energy into heat energy as shown in figure 
In the limiting condition of maximum efficiency, all the electrical energy supplied can be converted into heat 
energy for heating a room. 

Maximum possible COP of resistance heater, 

C0P "H=£ =1 

Heat pump supplied with an energy input of W extracts heat from a source at temperature T, (lower than 
room to be heated) and supplies heat Q to heated space. 1 v 

From 1 st law of thermodynamics, 


O' = O, + W 


COP of heat pump, COP HP = — - — 
COP HP > 1 


q_ o, +w 
HP = w 


w 


-i+a 

w 


Hence, COP^, > COP RH and heat pump can supply more heat to room than res,stance heater and is more efficient 
COP of heat pump will also be higher if if approaches reversibility and the limiting case will be of a heat pump 
working on carnot cycle. p 

Hence, it is thermodynamically more advantageous to use a heat pump than a direct electrical resistance heater 
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2. Vapour Absorptions Systems 


q 5 How, in a refrigeration system using ammonia, the compressor could be replaced by another suitable 
set of equipments? 

[CSE (Mains) 2001 : 20 Marks] 

Solution: 

If a refrigeration system using ammonia is operated on a vapour absorption cycle, compressor work can be 

replaced by following additional equipments- 

• Absorber. Absorbs saturated vapour from evaporator and forms a concentrated solution of refrigerant 
vapour using a work solution and rejection of latent heat due to condensation. 

• Pump. Used to pump concentrated solution formed as above to condenser pressure. 

• Generator or disorder: Used to generate refrigerant vapours by absorbing heat from a heat source leaving 
weak solution for recycling. 

Compressor work in a vapour compression refrigeration system is used to convert saturated vapour from 
evaporator to vapour at condenser temperature and pressure to ensure heat rejection is possible and refrigerant 
can be recycled. Consider the schematic of vapour absorption system as a replacement of this process of 
compression- 



As shown in the schematic above, absorber converts saturated vapour using a weak solution and by rejecting 
latent heat, into concentrated solution. This is pumped to condensor pressure to generator which distills it into 
vapour to be sent to compressor. 

Q.6 Draw a neat sketch of aqua-ammonia vapour absorption system. On this sketch: 

(i) Indicate thermodynamic state points with (1) at the inlet of pump. 

(ii) Show the direction of the following energy transfers 

- energy transfer to absorber ©p - energy transfer to pump 

e - energy transfer to generator e D - energy transfer to dephlegmator 

e c - energy transfer to condenser © e - energy transfer to evaporator 

(lii) Mention for each of the energy transfer in (ii) above whether it is in the form of work or heat 

(iv) With heat sink temperature of 27°C, heat source temperature of 127°C and refrigeration 
temperature of-13°C, find max COP of the vapour absorption system and mention the assumptions 

made. 

[CSE (Mains) 2010 : 20 Marks] 
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Solution: 

Vapour absorption system with aqua-ammonia as refrigerant is used to utilize available heat energy as an 
alternative to compressor work. General schematic is as shown below: 



As compared to a vapour compression system differences are: 

• Absorber: Refrigerant vapours of ammonia are absorbed in a weak solution with water. 

• Pump: Used to pump aqua-ammonia solution to condensor pressure. 

• Generator. Distillation of ammonia vapour from the rich solution leaving weak solution for recirculation. 

• Dephlegmator. Further concentration of vapour to separate water from ammonia vapour. 

Nature of heat/work interactions as required are mentioned in the figure. 

Refrigerant vapour of NH 3 formed as a result of heat extraction in evaporator goes to absorber where it is 
dissolved in a weak aqua-ammonia solution. Ammonia vapour loses heat e A which is rejected by the absorber 
and forms a concentrated solution which is pumped to condenser pressure by pump Pump work = e (-veto) 
is usually negligible since specific volume-v of liquid is very loss. In generator distillation of vapouf of NH 
takes place by supplying heat from source- e 9 at T h . Weak solution is recirculated through a valve to absorber 
Further concentration of ammonia vapours takes place in dephlegmator along with rejection of heat e to 
cooling water. D 

Maximum COP of cycle 

Aqua-ammonia cycle is a heat operated refrigeration machine. It can be annrnvimowi . . . f 

. . . , uy approximated as a combination of a 

heat engine operated on solution circuit and a refrigerator operated on ammonia c 

For heat source temperature T h , ambient temperature (7\ = r - T \ an H 

+ . u h Ka c '^and evaporator temperature T n above 

system can be shown as: H e o- 

Work output of heat engine is used to power the refrigerator. 

Energy balance of above system can be shown as below 


Source 


e e + e p + e g - e c +e D +e A = e K 
(net heat rejected) 

COP of cycle = ^- = ^. + K 
e 9 W e g 

= COP r xt| he 

COP fl = COP of refrigerator 

= efficiency of heat engine 


Ambient 



Evaporator 
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For max COP - Assumptions 

(a) Heat engine and refrigerator operate on reversible cycle as Carnot engine and refrigerator. 

(b) No pressure drop or heat loss during any of the process. 


From given data, we get, 


f T ° 

COP max = COP R xCOP HE =[^J x ( 1 Tr 


T k = 27°C = 300 K 
T h = 127°C = 400 K 
T 0 = -13°C = 260 K 


' 260 
.300-260 


■M 1 -!*)- 1 - 626 


Q.7 Explain, with the help of neat sketches, vapour absorption cycle for refrigeration and also derive an 
expression to calculate ideal COP of it. 

[CSE (Mains) 2016 : 20 Marks] 


Solution: 


on: 

We know that in VARC, heat is supplied in generator (acting as source) and heat is extracted in refrigerated 
space and heat is rejected to surrounding in absorber and condensor. 

Writing heat balance of above system, | source t g | 

I 1 


Qg + ®A + 0 C 


Also we know from second law of thermodynamics, 
(for minimum work input entropy remain constant) 


Ql + Qe _ i 
Tq T e T 0 T 0 

Qq + Qe_ Qa + Qc _ Qg + Qe 

Tq T E Tq Tq 

Qg_ + Q f_ _ Qg ! Qe 

Tq T E Tq Tq 

Q e Oe _ Qg Qg 

T E Tq Tq Tq 


Source T G 

’_06_ 

Condensor 

Absorber 

“Qg 

| Sink T e 
(from equation (i)) 


Atmosphere (r 0 ) 


T o _ Tl] = n„(ls — 




1gz]o) x Ie_ 


t 0 -t e T ( 


We know, 


COP= Q a+Wp 


{WpiP = 0} 


COP= 


Or, \T„-T P 


Thus, 





Q.8 Discuss the importance of liquid-vapour heat exchanger (LVHE) in the vapour compression refrigeration 
system. Clearly mention advantages and disadvantages of using such heat exchangers. Represent 

the cycle on T-s and P-h diagrams and illustrate the influence of LVHE. 

[CSE (Mains) 2008 : 15 Marks] 

Solution: 

Importance of liquid-vapour heat exchanger (LVHE) 

LVHE is vapour compression refrigeration systems is used to ensure subcooling of condensor liquid and 
superheating of saturated evaporated vapour to the same time. 

Consider the schematic of LVHE and corresponding indicator diagrams as shown below 


Subcooling effect = h 3 - h 3 , 




As shown in figure above— 

1. Cycle 1 -2-3-4 — without LVHE 

2. Cycle 1 '-2 # -3'-4' — using LVHE 

3. Subcooling effect on liquid is shown by h 3 - h 2 

4. Superheat effect on saturated vapour is shown by hf - h 1 

5. Increased refrigeration effect is shown by h A - h A ' 

Advantages of LVHE 

• Subcooling of liquid ensures less flashing of liquid and less amount of vapour in expansion process. 

• Superheating of vapour by LVHE ensures no liquid in compressor which could have proved harmful for 
compressor. 

• Increased refrigeration effect in evaporator. 

• System optimization and improved performance — Due to subcooling happening outside condensor, 
condensor capacity can be more effectively utilized for heat rejection. 

• If LVHE is not used and superheating takes place inside evaporator heat extraction will take place at a 
higher temperature (f/ - tj. While by using LVHE, heat extraction can be done at a lower temperature t v 
and increasing refrigeration effect at the same time. 

Disadvantages of LVHE 

• Increased compressor work (fy - h 2 ) as compared to (h 1 - h 2 ) due to vapour superheat 

• Increased isentropic discharge temperature t 2 as compared to t 2 . 

• COP of refrigeration might actually decrease due to LVHE. 

• Suction vapour volume for compressor increases, hence capacity of compressor required is higher. 
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q 9 Comment on the following (Be brief) with the help of schematic diagram, if required: 

(j) In the reciprocating compressors used in vapour compression system, the mass of refrigerant 
discharged by the compressor reduces as the pressure ratio is increased. 

(ii) Thermostatic expansion valve is preferred over automatic expansion valve as throttling device. 

(iii) COP of refrigeration system increases when water cooled condenser is used in place of air 
cooled condenser. 

(iv) Vapour at suction to the hermetically sealed compressor is always superheated vapour. 

(v) For low sensible heat factor applications, reheat is necessary. 

[CSE (Mains) 2010 : 20 Marks] 


Solution: 

(i) 


(ii) 


(iii) 


Consider a reciprocating compressor with swept volume l/ p and volumetric efficiency r\ v operating on 
cycle as shown in P- V diagram. 


Vc 


Mass flow rate, rh = — • iv 
v i 

Hence, we see for a given compressor swept volume V p and 
suction vapour specific volume v v 

m - tv 


Also, 

Hence, as pressure ratio 
decreases. 

D 
2 
0 
1 

(P 


T|w — 1 + C — C 


\1/Y 


p 






is increased, volumetric efficiency 



So, increases, ti u decreases. 

• And, increases, mass flow rate also decreases. 

A comparison between automatic expansion valve and thermostatic expansion valve can be drawn as follows: 

Automatic expansion valve 

1 Maintains constant evaporator pressure (and temperature) 

2 When load increases, evaporator pressure rises to control due to which mass flow rate decreases. 
3, When load decreases, mass flow rate increases. 

Thermostatic expansion valve 

1 Maintains constant degree of superheat in the evaporator 

2 When load increases, degree of superheat increases and hence mass flow rate increase. 

3. When load decreases, mass flow decreases. 

Hence thermostatic expansion valve is a better choice for a throttling device since it regulates 
mass flow rate as per varying load and hence ensure effective utilization of evaporator. 

Heat extracted in evaporator 

COP of regulation system = Work input 

__ Heat extracted in evaporator _ 

Heat rejected in condensor - Heat extracted in evaporator 


COP c = 


To 


7c-To 
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For a water cooled condensor, coefficient of heat transfer is higher due to larger specific heat of water 
and higher thermal conductivity than air. Hence heat rejection takes place at a lower temperature f 0r 
water as compared to air since — 


Q=UAAT lm 

Since U is higher A T lm is lower. 

Since heat rejection for water takes place at a lower temperature 
COP of refrigeration system is higher for a water condensor, 
as compared to an air condensor. 

In a hermetically sealed compressor, both motor and compressor 
are housed in the same unit and have the same shaft. 

In this case heat from motor winding is continuously transferred 
to suction vapour which passes over it in the refrigeration circuit. 

This raises the temperature of suction vapour as motor cooling 
load also becomes a part of the overall cooling load of 
refrigeration system: Hence, suction vapour which enters at a 
saturated condition to the compressor gets heated by motor 
winding and always becomes super heated. 

When room sensible heating factor is low or latent heat factor is high, e.g. in cases of high humidity/high 
dehumidification needs or for high internal latent heat loads, then simple air conditioning system has 
very low oil ADP. This leads to very low evaporator pressure and reduces COP of the system and 
increases costs. 

Hence, to increase ADP of cooling coil to manageable temperatures a reheat coil is introduced. Consider 
the setup as shown below and corresponding psychrometric chart. 



Room 



dehumidification 


Room air at state i mixes with ventilation air from surroundings at 0 and then enters cooling and dehumidification 
coil at state m. Exit happens at C post which it enters re-heat coil to achieve delivery temperature t s . 

Q.10 Thermostatic expansion valve using R-134a in the power assembly is designed to produce 10°C 
superheat at an evaporator temperature of 0°C. What will be the superheat that it will maintain when 
the evaporator temperature is -30°C? Given for R134a, the saturation pressure temperature data: 
Temp. (°C) -30 -25 -20 -15 -10 -5 0 5 10 

Pressure (bar) 0.8438 1.065 1.327 1.64 2.006 2.43 2.928 3.5 4.146 

[CSE (Mains) 2011 : 20 Marks] 

Solution: Bulb 

Consider the thermostatic expansion valve as shown in figure: 

Evaporator inlet temperature = t Q 

Evaporator outlet temperature = t Q inlet—* 

Degree of superheat = t 0 - t 0 

This degree of superheat result into a pressure / 

difference <P 0 ' - P 0 ) which actuates the valve, where 

*6 


> _Evapora 101- 














mPPE E Ps a __ 

Pq and p 0 are respective saturation pressure. 

Given: Case I: f Q = o°C, f 0 ' = 10°C 
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P 0 = 2.928 bar P 0 ' = 4.146 bar 
wehave ' Po~P 0 = 1.218 bar 

Case 11: to = -30°C, P 0 = 0.8438 bar 

Since valve follow up spring setting remains the same, (P 0 ' - P 0 ) will remain the same. 

Pi ~ Pq = 1.21 bar 

^ Pi = 0.8438+ 1.218 = 2.0618 bar 

Hence approximate refrigerant outlet temperature corresponding to this saturation pressure will be -10°C as 
per the given table. 

Hence, degree of superheat required to maintain evaporator temperature of 

-30°C = -10°C-(-30°C) = 20°C 

Q.11 Why do some thermostatic expansion valves have an ‘external equalizer’? How does it improve its 
performance. 

[CSE (Mains) 2011 : 20 Marks] 

Solution: 

During operation of a thermostatic expansion valve constant superheat 

is maintained by the valve between evaporator inlet and outlet. __ 

However, during actual operation there is a drop in evaporator pressure. x' , | 

For example, for inlet pressure P Q and temperature t 0 , outlet pressure p / p f P °' to ) 

can drop to P Q For a given setting of follow up spring of the valve, / ° ‘- 

resultant superheat will be higher, equal to (t' - y where t 0 is / ~P^.t 02 f\\\ 

saturation temperature at P Q 2 and t Q ' for pressure t 0 x . 2 2 ' \ X* 

Actual superheat = A t 2 = t Q ' - t Q ___1 * Af, 

Ideal superheat = At, = t 0 ' -1 02 * 

This problem increase further at part load applications of the valve. 

This is the reason to employ external equalizer in an expansion device to control the degree of superheat due 
to drop in evaporator pressure. 

External equalizer involves providing a External equalizer and its impact on performance 


I 

Evaporator 


To suction line 


External equalizer involves providing a External equalizer and its impact on performance 

tapping to inside of bellows of T-X valve 

with the outlet of the evaporator which is at r —, 

a lower pressure than inlet pressure. Liquid in^—ZZ] [ Extern al equalizer 

Also there is no connection between 1 |~ 

evaporator inlet pressure and inside of T-XvaiveTj Bulb 

bellows. V 

Hence, pressure acting inside the bellows - -WW -U- t=== U _ 

10 always equal to the pressure at the outlet f To suction line 

°t e vaporator, while the pressure at the Evaporator 

° u tside of bellows is equivalent to 
j^Perheated vapour. 

® n ce, the degree of superheat resulted from T-X valve despite drop in evaporator pressure is equal to A 
q lch ,s the initial set value by follow up spring setting. ° i ■ 

Rnri 1 ' S the si 9 n 'f' cance °f by-pass factor? For a heating coil, derive an expression of by-pass fact 
the expression for efficiency also for heating coil. or * 

[CSE (Mains) 2013 : 10 Marks] 


i 
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Solution: 

By-pass factor represents the fraction of “uncontacted air” when a heating 
When the heating coil surface comes in contact with a given mass of 
air, air particles which directly come in contact with the coil achieve 
temperature of the coil and become saturated at the coil temperature. 

At the same time, few air particles do not come in direct contact with 
coil surface. Resultant state of air is a due to complex mixing of 
contacted and uncontacted air. By pass factor signifies the proportion 
of air which does not come in contact with the coil. 

By pass factor represents the proportion of air particles which “by 
pass" the effect of heating or cooling coil. 

By definition, 


coil is used to treat a given mass of air. 



By-pass factor, X = k—k 

where, 1 - initial state 

s - state of heating coil 
2 - final state 

By-pass factor can also be expressed in terms of specific humidity and enthalpy as follows: 

X - ^2 ~ _ ^2 ~ _ ^2 ~ ^ 

f 1"f S W 1-W S ^-ft* 

This is the required expression for by-pass factor. 

Efficiency of heating coil is expressed by contact factor which represents the proportion of air particles which 
come in contact with the heating coil. 


Hence, efficiency or contact factor, y\ H = k = ~ or, efficiency, n H = 

This is the required expression for efficiency of heating coil. 


Q.13 What are the functions of condenser in a refrigerating machine? Name different types of condensers. 
Describe with neat sketch the evaporative condenser. 


[CSE (Mains) 2015 : 10 Marks] 


Solution: 

Functions of condensor in a refrigerating machine are as follows: 

• To enable rejection of heat from the refrigerant in a refrigeration J 
cycle. 

• Enables desuperheat, condensation and subcooling of refrigerant 
to get vapour to condense to subcooled liquid stage which can 
then be fed to expansion device. 

Different types of condensers are : 

• Air-cooled condensers-for small cooling load operation like 
domestic refrigerators and air conditioners. This can be further 
classified as: 

♦ Natural convection type 

♦ Forced convection type 

• Water-cooled condensor: Water is used to extract heat from the refrigerant. Further classified as: 

♦ Double tube type 

♦ Shell and tube type 

♦ Shell and coil type 
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Evaporative condensers. Combines the features of both a cooling tower and a water-cooled condenser in 
a single unit. ** 


Air blowers 


Eliminator plates 



Refrigerant in 


Refrigerant out 


Make up water 


Pump 


carrvina^efric^ran^wT C ° nde " Ser as shown above Water is Pumped from the sump and sprayed on tubes 

refrtaerant WateHs r- T f T °" 96t evapora,ed b * extracting latent heat of vaporization from 

refrigerant. Water is continuously recirculated and make up water is added as required 

oZ ?o°mhTrf reC ' rC f U ? ated USin9 bl0wers and usad t° cool the refrigerant tubes which are connected to a 
water exchange as shown above. The role or air primarily to enhance evaporation of 

Evaporative condensers are used in medium to large capacity systems. These are normally cheaper than 
water cooled condensers which require a separate cooling tower. 

Q14 Justify the suitability of thermostatic expansion valve in comparison to automatic expansion valve. 

[CSE (Mains) 2015 : 10 Marks] 

Solution: 

Both thermostatic expansion valve and automatic expansion valve are expansion devices used in refriaeratior 
systems to reduce pressure of refrigerant from condensor to evaporator pressure by throttlina and i!, 
rate of evaporation based on the load of evaporator. ontro 

Automatic expansion valve and unsuitability 
of its application 

Consider automatic expansion valve as shown 
In figure. Refrigerant enters from inlet, passes 
through strainer and fills up bellows chamber. 

Follow up spring and regulating spring control 
the opening of orifice along with pressure force 
°f r efrigerant and atmospheric pressure. 

Curing off cycle when the valve is closed, 

F o + Fi > F 2 + F 3 

w hen compressor starts, evaporator pressure 
starts decreasing and hence force 
Responding to evaporator pressure (P 0 ) i.e. 
o starts decreasing. 
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Due to this compression of follow up spring increases and elongation of regulating spring takes place. Hen Ce 
F, increases and F 2 decreases. Under equilibrium, 

= ^2 + ^3 

and the orifice opens to allow refrigerant flow through the valve. 


Hence, we note an automatic expansion valve maintains same evaporator pressure under all circumstances 
based on initial settings or regulator and follow up springs. 


Effect of load variation: 

• When load decreases, evaporator pressure decreases hence valve opens more to allow more refrigerant to 
flood evaporator and raise F 0 to original equilibrium valve. 

• When load increases, vapour formation increases and evaporator pressure increases. This allows less 
refrigerant to pass since orifice remains closed due to increase in F Q . 

Hence for varying load applications, automatic expansion valve is not suitable, since it increases refrigerant 
flow F r reduced load and reduces refrigerant flow for increased load. 


However, it is suitable for constant cooling load milk chillers which require precise temperature control. 


Suitable of Thermostatic expansion value 



F q ' = Force corresponding to P 0 ', T 0 ' 
F 0 = Force corresponding to P 0 , T 0 
F, = Follow up spring force 


Consider the thermostatic expansion valve as shown above. Refrigerant after passing through inlet and strainer 
fills up the bellows chamber. Bulb as shown in maintained at the temperature equivalent to evaporator exit and 
hence represents degree of superheat in the evaporator. 

Forces acting upwards and closing the orifice are: 

F 0 - corresponding to inlet evaporator temperature T 0 and saturation pressure P 0 
F 1 - follow up spring force 

Forces acting downwards and opening the orifice are: 

F q ' - corresponding to evaporator outlet temperature T 0 ' and saturation pressure P 0 '. 

During off cycle, evaporator inlet and outlet temperatures are same and F 0 = F' 

Fq + F, >• F 0 

When compressor starts, a degree of superheat (7 0 ' - T 0 ) results in evaporator and corresponding pressure 
difference (P 0 '- P 0 ) creates a downward force (F 0 ' - F 0 ) on the bellows and the valve opens. 
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Opening of the valve is determined by equilibrium when: 

F o'~ F o = F, 

Hence, by adjusting initial compression of spring, degree of super heat can be controlled. 

Also, thermostatic expansion value maintains a constant degree of superheat. 

Varying load applications 

(a) When evaporator load increase a 

thip . , ctses, evaporator produces vapour at a faster pace than compressor can suck 

and this results in h ohpr Honmn „ 

mnro . ■ 9 ®gree of superheat. (F' - F n ) increases and valve opens up more to allow 

more refrigerant to pass through. 

^ ^ to pass ^° r ^° Wer coo '' n 9 ' oac *' evaporator's degree of superheat reduces and less refrigerant is allowed 

e t e mostatic expansion valve is more suitable for varying load applications because— 

• Mass flow rate increases for higher cooling load 

• Mass flow rate reduces for lower cooling load 

Keeps evaporator filled as per load requirement hence ensuring effective utilization of evaporator. 


L 


4; Vapour Compression 








2 


Q.15 Calculate the (i)c.o.p <n) power requirement and (ill) cooling capacity of a C0 2 compressor working 
between 22.68 bar and 64.32 bar pressure. The liquid in the condenser gets cooled, by another 
system, to 15°C before entering the expansion valve. The system is assumed to work on wet- 
compression with Jr = 0.9. The compressor data: stroke volume = 500 c.c.; r.p.m. = 500 and n =0 85 
Property values are: sp. heat of C0 2 vapour = 2.4 kj/kg °C and 


Pressure 

Enthalpy (kj/kg) 

V (m 2 /kg) 

S (kJ/kg°C) 

t 

(bar) 

Liquid 

Vapour 

Liquid 

Vapour 

Liquid 

Vapour 

(°C) 

22.68 

49.62 

322.86 

0.00101 

0.0166 

0.1976 

1.2567 

-15 

50.92 

127.75 

308.08 

0.00130 

0.0066 

0.4697 

1.0959 

15 

64.32 

164.17 

283.63 

0.00147 

0.0042 

0.5903 

0.9912 

25 


[CSE (Mains) 2001 : 30 Marks] 

Solution: 

Given: * = 0.9, stroke volume, V f = 500 cc, N = 500 rpm, r| v = 0.85 

Consider C0 2 vapour compression system as represented by cycle 1 - 2 - 3-4 in T- s diagram 
We have 

For wet compression, 


Similarly, 


^ 0r isentropic process 1 - 2 , 



S, = S 2 = 1.151 kJ/kg K 
S 2 ' = S g250C = 0.9912 kJ/kg K 
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For isobaric process 2-2', 


Entropy change = S 2 - S 2 , = C p In -r; - 2 - 4ln 


I o 


T 2 = 318.49 K 


h, = h' + C p (T 2 - %) = 283.63 + 2.4 (318.49 - 298) - 332.81 kj/kg 
Ideal volumetric flow rate in compressor, 


14 = 


500 cm 3 x — = 4166.67 x 1CT 6 m 3 /s 
60s 


Actual volumetric flow rate = V f act = V f x r\ v - 4.167 x 10 3 x 0.85 - 3.542 x 10 3 m 3 /s 


Mass flow rate of refrigerant, m = --- a — = —^ 


act 


3.542x10 


-3 


For condensation, 

For isenthalpic process 3-4, 


^3= 'VC 


~~v f +xv fg ”(0.00101 + 0.9x0.0166) 
0.222 kg/s 

= 127.75 kJ/kg 




h 4 = h 3 = 127.75 kj/kg 


Refrigerant capacity of system = m{h } - h A ) = 0.222 x (295.536 - 127.75) 


O n = 37.26 kW 


Power requirement of compressor = W= m{h 2 -hj = 0.222 x (332.81 - 295.536) = 8.27 kW 


COP of system = 


Q 0 _ 37.26 


1 / 1 / 


8.27 


= 4.51 


Q.16 A vapour compression refrigerator works between pressure limits of 10 bar and 3 bar. The working 
fluid is dry at the end of compression and there is no undercooling before the expansion valve If 

refrigerant flow rate is 10 kg/min, determine (i) COP and (ii) the capacity of the refrigerant. Table for 
properties of the refrigerant is as under: 


Pressure 

bar 

Saturation 

Temp. °C 

Liquid heat 
(kJ/kg) 

Latent heat 

(kJ/kg) 

Liquid entropy 
(kJ/kg K) 

10 

25 

298.90 

1166.94 

1.1242 

3 

-10 

135.37 

1297.68 

0.5443 


[CSE (Mains) 2002 : 30 Marks] 

Solution: 

Consider the vapour compression refrigeration cycle as shown in T- s diagram here 
Mass flow rate of refrigerant = 10 kg/min 


For isentropic process 1-2, 


m =0.167 kg/s 
S, = Sp = S n 

1 2 925°C 


At constant pressure and temperature 


^sat 


As, 


c _ f Q 

f9 ' T c 


25°C, P sat =10 bar 
h f . 


sat 


(S 0 


_ %?5° 



298 
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* S fe-c “ s te-c + %T = 1-1242+=5.04 kJ/kg K 

s i = S 2 = S te „ c = 5.04 kJ/kg K 
=> S, + xS lg = 5.04 

* S '-io-c + * • -flf- = 5.04 => I = 0-91 

h i = h L wc + * ■ Vio-c = 1 316.26 kJ/kg 
h ? = h 925-c = h te-c + >W = 1465 ' 84 kJ/k 9 

For isenthalpic process 3-4, 

h 4 = h 3 = fy 25 o C = 298.9 kJ/kg 

Refrigeration capacity = m(h^-h 4 ) = 0.167 x (1316.26-298.9) = 169.9 kW 

=> n 169.9 

°» = a5167 TR " 48 ' 38 TR 

Compressor work, W = rh(h 2 -h ^ = 0.167 x (1465.84 - 1316.26) = 24.98 kW 

COP of system = — =68 
W 


Q.17 In a refrigeration system of 10 TR cooling capacity using CHCIF 2> the evaporator and condenser 
temperatures are -10°C and 45°C respectively. Properties of CHCIF 2 at saturation are: 


Temperature °C 

Sp. volume m 3 /kg v g 

Enthalpy (kJ/kg) 

Entropy (kJ/kg-K) 

h f 

h 9 

s f 

s o 

-10 

0.0654 

34.25 

247.37 

0.1374 

0.9473 

45 

0.0133 

101.76 

261.95 

0.3662 

0.8697 


Consider standard vapour compression cycle with inlet to compressor as saturated vapour and inlet 
to expansion valve as saturated liquid. Assume that vapour may be treated as perfect gas in 
desuperheating process with average specific heat of 0.9335 kJ/kg-K show the cycle on T-s and P-h 
diagrams. Find (i) compressor outlet temperature and enthalpy, (ii) mass flow rate of refrigerant 
(ii) work requirement, (iv) condenser heat rejection (v) COP and (vi) swept volume of compressor in 
m 3 /s assuming 100% volumetric efficiency. h 1 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 

Given: R.C. = Q 0 = 10 TR, C p = 0.9335 kJ/kg-K 

Consider the refrigeration system as shown in P-h and T-s diagrams 
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Compressor process 1-2 is isentropic in nature 


s 2 - Si - s g _ 1Q0C 


So' = S, 


045° C 


= 0.9473 kJ/kg K 
= 0.8697 kJ/kg K 


for isobaric process 2-2', 


entropy change = S 2 - S 2 ' = C D Ini = 0.9335 • ln-^- 

^ Tn' 318 


To 


In - 72 


0.9473-0.8697 


318 0.9335 

=* T 2 = 345.56 

Compressor outlet temperature is 345.56 K 

Compressor outlet specific enthalpy, h 2 = C p T 2 = h 2 +C p (T 2 -T 2 ) = 261.95 + 0.9335(345.56-318) 

= 287.68 kJ/kg 
= h g _ wc = 247.37 kJ/kg 

For isenthalpic process 3-4, h 4 = h 3 = h f45oc = 101.76 kJ/kg 

Refrigeration effect, h 1 -h 4 = 145.61 kJ/kg 

Mass flow rate of refrigerant = Q ° = 10 *3.5167 

th-h A 145.61 

=> m = 0.2415 kg/s 

Compressor outlet enthalpy, m ■ h 2 = 69.47 kJ/s 

Work requirement in compressor = m-{h 2 - fy) = 9.73 kW 
Condensor that rejection = m-(h 2 -h 3 ) = 44.9 kW 


COP of system = 


Qo 

w 


10x3.5167 

9.73 


= 3.61 


Swept volume of compressor assuming 100% volumetric efficiency, 

y s = m-Vi = m- v g _ iooc = 0.2415 x 0.0654 
= 0.0158 m 3 /s 

Q.18 A vapour compression refrigerator operates between the pressure limits of 462 47 kN/m 2 and 1785 90 
kN/m 2 . At entry to the compressor the refrigerant is dry saturated and after compression it has a 
temperature of 59°C. The compressor has a bore and stroke of 75 mm and runs at 8 rev/s with a 
volumetric efficiency of 80 percent. The temperature of the liquid refrigerant as it leaves the condenser 

is 32°C and the specific heat capacity of the superheated vapour may be assumed constant Determine: 

(i) The coefficient of performance of the refrigerator 

(ii) The mass flow of the refrigerant in kg/h. 

(iii) The cooling water required by the condenser in kg/h if the cooling water temperature rise is limited 
to 12°C. 

fTT"!? he ? Capad,y 0f T" V . 107 , kJ/k9 K and ,he Speci,ic Of liquid refrigerant as 


Pressure (kN/m 2 ) 

Sat. Tamp. (f,“C) 

Sp. En 

thalpy 

Sp. Vol. (m 3 /kg) 

Sp. Entropy 



h t 




S, 

S_ 

462 47 

-10 

35732 

231 40 

0 0008079 

0 04573 

0 1418 

0 

O R814 

1785 90 

40 

99270 

246.40 

£0009487 

0.01105 

0.3537 

08093 


[CSE (Mains) 2004 : 20 Marks] 
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Given: T 2 - 59°C - 332 K, D = 75 mm = L, N = 8 rev/s, r| = 80% 

Consider vapour compression refrigeration system as shown in T- s diagram. 

(P sat = 1785.9 kPa) 

T 

A 2 {T2 = 332 K) 


32°Ch-' 


-15°C 



/(P sat = 462.47 kPa) 


Volume of compressor = ~--L = ^(0.075) 2 -(0.075) = 3.3134 x 10~ 4 m 3 
Ideal volumetric flow rate = 3.134 x lO^ 4 x 8 m 3 /s = 2.651 x 10~ 3 m 3 /s 
Actual volumetric flow rate = V xj\ v = 2.651 x 10“ 3 x 0.8 

V act = 2.12 x 10- 3 m 3 /s 

/ rota r\f r^r\r~tnr^ . _ ^act _ Vact _ 2.12 X 10 , , 


Mass flow rate of refrigerant m = -§ei = 


For isentropic process 1-2, 


Vi v n 
1 9-1 o°c 


0.04573 


= 0.0464 kg/s = 167.04 kg/hour 
S 2 = Si = S g _ wc = 0.8614 kJ/kg K 


S 2 = S g^ c = °' 8093 kJ / k 9 K 


For isobaric process 2-2', 


^ 0r isentropic process 3-4, 
8e fhgeration effect, 
Compressor input, 


S 2 -S'= C p lni = C p ln|| 


C p = 0.8841 kJ/kg K 


COP of system = ~^= = 4.49 

Letthe mass flow rate of cooling water required be m w . 


h 2 = h 2 + C p (T 2 T 2 ) - 246.4 + 0.8841 (59 - 40) = 263.2 kJ/kg 
/?i = hg_ io°c = 231.4 kJ/kg 

h 3 ' = = 99 - 27 kJ/k 9 

h 3 ~ h 3 = C pi ,. q • (T 3 - T 3 ') = 1.32 x (32 - 40) = -10.56 
h 3 = h 3 '~ 10.56 = 88.71 kJ/kg 
h 4 = h 3 = 88.71 kJ/kg 
Q 0 = m(h ^ -h 4 ) = 6.621 kW 

W = m(h 2 ~hj = 1.476 kW 
On 6.621 „ _ 
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=> m - °- 0464x ( 263 - 2 _ 88 - 71 )_ -nifii kg/s = Rftn 1 1 kj/h r 

* 4.187x12 

Mass flow rate of water required is 580.11 kg/hour. 

Q.19 A VCC refrigerating machine using R-12 refrigerant produces 10 tonnes of refrigeration at 10°C when 
the ambient is at 35°C. A temperature difference of minimum 5°C is required at the evaporator and 
condenser for spontaneous heat transfer. The refrigerant is dry saturated at the outlet and to the inlet 
of compressor. The adiabatic efficiency of the compressor is 90%. The enthalpy at the end of isentropic 
compression is estimated to be 370 kJ/kg. Determine: 

(i) COP 

(ii) Power of the compressor 

(iii) Capacity of the condenser 

Represent the cycle on hand drawn T-S plane and show the refrigerating effect, compressor work 
and condenser capacity on the same. 


Temperature 

(°C) 

Pressure 

(Bar) 

Specific Enthalpy, kJ/kg 

Sensible 

Evaporation 

5 

3.60 

204.64 

148.97 

10 

4.23 

209.32 

146.37 

15 

4.91 

214.10 

143.69 

30 

7.45 

228.54 

135.04 

35 

8.47 

233.50 

131.90 

40 

9.60 

238.53 

128.62 


Solution: 

Consider vapour compression refrigeration cycle as 
represented in figure. 

Cycle operates between surroundings at 35°C and 
refrigerated space at 10°C. Since a minimum 5°C temperature 
difference is required for operation, evaporator and 
condensor temperatures are 5°C and 40°C, respectively. 
Refrigeration effect, compressor work and condensor 
capacity are as depicted in figure. 

^ ~ ^95° C “ ^5°C + ^95°C 

= 353.61 kJ/kg 
h 2s = 370 kJ/kg 
h h 

Adiabatic efficiency of compressor, r| = = 0.9 


[CSE (Mains) 2006 : 30 Marks] 



353.61-370 = og 
353.61 -h 2 

h 2 = 371.82 kJ/kg 

h 4 = b 3 = hf 40 „ c = 238.53 kJ/kg 


Refrigeration effect = h } - h 4 = 115.08 kJ/kg 


Mass flow rate of refrigerant 


Q 0 _ = 10x3.5167 
h y -h A 115.08 


(Process 3-4 is isentropic) 


= 0.3056 kg/s 
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Power of compressor, 14/ = m(h 2 - hj = 0.3056 (371.82 - 352.61) = 5.56 kW 


r Q 0 10x3.5167 

W 5.56 " 

Capacity of condensor = rh(h 2 - h 3 ) = 0.3056 x (371.82 - 238.53) = 40.73 kW 

q 20 An ammonia ice plant operates on simple saturation cycle at the following temperatures: 

Condensing temperature = 40°C 

Evaporation temperature = -I5°c 

It produces 10 tonnes of ice per day at -5°C from water at 30°C. If the COP of the system is 5, 
determine: 

(i) Capacity of the refrigeration plant in tonnes of refrigeration 

(ii) Mass flow rate of the refrigerant, kg/min 

(iii) Isentropic discharge enthalpy, kj/kg 
Take: 

C p = 4.187 kJ/kg-K for water = 2.000 kJ/kg-K for ice 
Latent heat of fusion of ice = 335 kj/kg 
Sensible enthalpy at 40°C = 600 kJ/kg 
Enthalpy of sat. vapour at -15 = 1675 kj/kg 


Solution: 

Given: Ice produced ‘m’ = 10 tonnes/day, COP = 5 

Consider ammonia samples saturation cycle as represented in T-s 

diagram here. 

Cycle operates between -15°C and 4°C. 

Amount of heat removed to form ice in given condition 

= m [C p ,JT f - 273) 

+ fusion +C p i ce (T f -273)] 

= 10 x 10 3 [4.187 x 30 + 335 + 2 x 5] 
= 470.61 x 10 4 kJ = 4.7061 x 10 6 kJ 

f 

24 x 3600 sec 
= 15.5 TR 
/? 1 = 1675 kJ/kg 

h 4 = ^ = Vc = 600 kJ/kg 


[CSE (Mains) 2006 : 20 Marks] 

2 



D ,. . £ , 4.7061 x10 6 kJ ...... 54.47 . 

Refrigeration capacity of plant = 24 x 360 o sec ~ = 5447 kW = ^ 167 tonnes of refrigeration 

We have, 


Mass flow rate of refrigerant 
COP of system 


A?2 




~*u _ 

th - h 4 

1675-600 

Go 

Q o _ 5 

l N (h 2 

-hjm 

Go _ 

54.47 

m ■ 5 0.051 x 5 

215.004 



h 0 = 1890 kJ/kg 



Her, ce, isentropic discharge enthalpy is 1890 kJ/kg. 
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Q.21 A refrigeration system operates using simple saturated cycle with a certain refrigerant. The condensin 
and evaporating temperatures for the refrigerant are 35°C and -15°C respectively. Determine the Cop 
of the system. If a liquid vapour heat exchanger is installed in the system, with the temperature of th e 
vapour leaving the heat exchanger at 15°C, what will be the change in the COP? 

Use the following data for the refrigerant used: 



Superheated 

20 K 

40 K 

h 9 < 


S <7 

mm 

s 

mm 

s 

kj/ka (°C) 

(kJ/kg) 

(kJ/ka-L) 

(kJ/kg) 

(kJ/kg K) 

(kJ/kg) 

(kJ/kg K) 

201.5 35 

69.5 

0.6839 






- 

0.7052 

193.2 





Solution: 


[CSE (Mains) 2007 : 30 Marks] 


Consider the simple saturated refrigeration cycle as represented by 
T-s diagram here. 

For isentropic process 1-2, 

51 = S 2 = S n 

1 2 9-15°C 

= 0.70520 kJ/kg K 

5 2 <0.731 kJ/kg K 

/. For superheat table 

Similarly, ^2 ~^2 _ 20 

S 2 - S 2 ' 0.731-0.6839 



20 

= <35 + 2?3) + 0T 31-Q.6839 X <° 7052 “ °' 6839 > 
= 317.04 K 

h 2 - hr,' _ 216.4-201.5 
T 2 -T 2 ' ~ 20 


. , 216.4-201.5 , 

=> h 2 = h 2 + -—-x (317.04 - 308) 

=> h 2 = 208.23 kJ/kg 

Compressor power = h 2 -h, = h 2 -h Q = 208.23 - 181 

y-i 5 c 

=> W = 27.23 kW 


Refrigeration capacity, q 0 = h,-h 4 = h,-h 3 = h : -h^ = 181 - 69.5 = 111.5 kW 

COP of the system = Ho. = J 11-5 = 4 09 

IV 27.23 


(ii) Now when H.E is added 

• Given temperature of vapour leaving H.E is 15°C thus 30 K 
superheat. 

• Calculating value of s & h for evaporator at 30 K superheat by 
taking average. 

Thus, = 199.45 kJ/kg 

s 1 = 0.7726 kJ/kg-K 

We know that s 1 = s 2 = 0.7726 kJ/kg-K 
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=> Now interpolating s 2 to get h _ 0.7726-0,6839 _ h 2 -201.5 

0.7741-0.6839 "231-201.5 

h 2 = 230.51 kJ/kg 

AlsoinKE ' h,-h' = h' 3 -h 3 

199.45-181 = 69.5 - h 3 

^ h 3 = 51 .05 kJ/kg 

w i.p = h 2 -h : = 230.51 - 199.45 = 31.06 kJ/kg 

q, 22 A saturated vapour compression refrigeration system is extracting heat from a thermal reservoir at 
r ®| ect * n 9 heat to another thermal reservoir at 36°C. The saturation temperature of evaporator 
is an that of condenser is 46°C. The mass flow rate of refrigerant (R - 134 a) is 0.1 kg/s. 
Assume environment temperature equal to 36°C. Find : 

(i) Refrigerating capacity in Tons (ii) Power input in kW 

(iii) COP (iv) qqp of Q amot refrigeration cycle 

(v) Second law efficiency of the cycle. 

Compare with the help of T-s diagram, the vapour compression cycle and Carnot refrigeration cycle 
and show the deviation between the two cycles by shaded areas. 

Properties of refrigerant (Saturated) 


Temp (°C) 

Saturation 

pressure (MPa) 

Enthalpy 
sat liquid ( h^ 

(kJ/kg) 

sat vapour( h g ) 

Entropy 
sat liquid (s^ 

(kJ/kg-K) 
sat vapour (s g ) 

-20 

0.13273 

173.64 

386.55 

0.9002 

1.7413 

-10 

0.20060 

186.70 

392.66 

0.9506 

1.7334 

36 

0.91185 

250.48 

417.65 

1.1717 

1.7124 

46 

1.1903 

265.47 

421.92 

1.2186 

1.7089 


Pressure (MPa) 

hg (kJ/kg) 

s g (kJ/kg-K) 

1 

428.91 

1.7413 

1.2 

436.12 

1.7413 


[CSE (Mains) 2010 : 20 Marks] 

Solution: 


Vapour compression refrigerator 
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Consider a Carnot refrigerator and a vapour compression p = i .2 MPa 

refrigerator -both extracting heat from reservoir @-10°C 7 _ \^ 

and rejecting heat to surrounding at 36°C. 46°C- 

Carnot cycle in this case is represented by process 5-6- 36 °c- ~j\\ -*-A® 

7-8 and shaded area X///A represents the refrigeration / \ \ 

capacity while vapour compression cycle is shown by / \ \ 

process 1 -2-3-4 and shaded area E&thfl represents its -io°c — 8 - - 5 --\ 

refrigeration capacity. _ 2 o°c 

Mass flow rate of refrigerant = 0.1 kg/s - 

Since process 1-2 is isentropic 

S 2 = Si = S g _ 20OC = 1.7413 kJ/kg K 
Since P 2 = P 3 = P sat = 1.2 MPa, from superheat table, we get 

h 2 = 436.12 kJ/kg 

=* Refrigerating capacity = m(h, -h 4 ) = m{h g _ 2Q . c - h^) (h 4 = h 4 = h^ c ) 

= 0.1 x (386.55-265.47)= 12.108 kW = 3.44TR 
Power input to compressor, m(h 2 -h,) = 0.1 x (436.12-386.55) = 4.957 kW 

- COP = — = 1^08 _ 

W 4.957 

COP of Carnot refrigerator = —^_ = 3 833 

T k - T 0 319-253 

Second law efficiency of the cycle, ^ = -- P QP = = 0.6373 = 63.73% 

UUK Carnot 3.833 


PievOxu 
S0lved Papers 


■ 0.3 Mpg 


Q.23 A commercial refrigerator with refrigerant 134a as the working fluid keeps a space cooled at-30°C. It 
rejects heat to cooling water that enters the condenser at 18°C and at the rate of 0.25 kg/s and it 
leaves at 26°C. The refrigerant enters the condensor at 1.2 MPa and 65°C and it leaves at 42°C. The 
inlet state of compressor is 60 kPa abd -34°C. It gains a net heat of 450 W from the surroundings. 
Sketch T-S diagram and determine, 

(i) refrigeration load (ii) COP 

(iii) theoretical maximum refrigerant load for the same power input to the compressor. 

Given properties: 

h?° 4 k o P c a = 230.03 kJ/kg h^°g kPa = 295.16 kJ/kg 


= 111.23 kJ/kg *m 23 a w/kg = 0.47 kJ/kg 

^water, 18°C = ^J/kQ ^water, 26°C = 108.9 kJ/kg 

Solution: 


[CSE (Mains) 2012 : 20 Marks] 


Consider vapour compression refrigeration cycle as 
represented by T- s diagram. 

Process 1 -2 of compression involves absorption of heat 
from surroundings. 

We have, 

h, = h 6 ? 4 kP c a = 230.03 kJ/kg 
h 2 = he? c kP * = 295.16 kJ/kg 
hj = h 4 ?^ kPa = 111.23 kJ/kg 
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Cooling water enters at 18°C at 0.25 kg/s and leaves at 26°C. 

Heat rejected in condensor = m„ • (h w 26 , c - h w W . c ) = 0.25 x (108.9 - 75.4) = 8.375 kW 
For refrigerant: 

Heat rejected in condensor = rh(h 2 - h 3 ) = 8.375 kW 

=* m = 0.0455 kg/s 

Refrigeration load = m(h^ - h 4 ) = 0.0455 x (230.03 - 111 .23) 

=* Q 0 = 5.409 kW 

Applying SFEE for operation of compressor 

hi + q = h 2 + w 

^ . w = -[(^ 2 - ^)-Q] = -(2.963 -0.45) -2.513 kW 

Since this is work done on thp rnmnroccAr „ , 

lMe compressor, it is expressed as negative. 

COP of refrigeration = So _ ^■ 4Q9 _ 2 15 

IV 2.513 

Fq. theoretical maximum refrigerant load, heat gain from surroundings is neglected. 

Hence work input to compressor = W=(h 2 -h 1 ) m = 2.963 kW 

Condensor load = 8.375 kW 
Max. refrigeration load = 8.375 - 2.963 = 5.412 kW 

Q.24 In a standard vapour compression, refrigeration cycle, the specific enthalpies of refrigerant at the end 
states of different processes in ascending order are 74.6 kJ/kg, 185.4 kJ/kg and 208.0 kJ/kg. If the 
mass flow rate of refrigerant is 30 kg/min, calculate power consumption and COP of the cycle. 

[CSE (Mains) 2013 : 10 Marks] 

Solution: 

Consider a standard vapour compression refrigeration cycle as shown in figure. 

As mentioned, enthalpies at various states are 

h 3 = h 4 = 74.6 kJ/kg 

(isenthalpic process) 

= 185.4 kJ/kg 
h 2 = 208.0 kJ/kg 

Mass flow rate of refrigerant, rh = 30 kg/min = 0.5 kg/s 
Power consumption by compressor, 

W = m(h 2 - hj 

= 0.5 x (208 - 185.4) = 11.3 kW 

Refrigeration capacity, q = mih^ -h A ) = 0.5 x (185.4 - 74.6) = 55.4 kW 



COP of the cycle, COP 


q _ 55.4 
W ~ TT3 


^ 25 An 
HP 


^12 simple saturation cycle operates at temperatures of 35°C and -15°C. 
per ton of refrigeration of the system. 


Determine the COP and 


1- 

Superheated 

20 K 

40 K 

k°c) 

/7^kJ/kg) 

h g (k J/kg) 

Sff (kJ/kg K) 

h( kJ/kg) 
_ 

s(kJ/kgKV 

h(kJ/kg)l s(kJ/kg K) 

35 

69.5 

201.5 

0.6839 

216.4 

0.731 

231.0 1 0.7741 

! - 15 


181.0 

0.7052 

193.2 

0.751 

205.7 ! 0.7942 
_ 1 


[CSE (Mains) 2014 : 10 Marks] 
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Solution: 

Consider a simple saturation vapour compression cycle as 
represented in T- s diagram here. 

Cycle operates between 35°C (308 K) and -150° (258 K). 

For isentropic process 1-2, 


S ? = S 1 = S a 

i y-i5°c 

= 0.7052 kJ/kg K 
< 0.731 kJ/kg K 

r T 0.7052-0.6839 

7n = To + - 

2 3 0.731-0.6839 

Hence actual degree of superheat is T 0 -T~ = 9.04 K 


Ptcwco^ 
So,ved Papers 



x 20 = 317.04 K 


, . 216.4-201.5 

h 2 - h 3 + x (J 2 T 3 ) 


h 2 


compressor capacity 
Since process 4-5 is isenthalpic, 


Refrigeration capacity, q 0 
COP of refrigeration 


h g35oc +6.738 = 201.5 + 6.738 = 208.24 kJ/kg 
h 2 -h, = h 2 ~h g ^ oc = 27.24 kJ/kg 

= 69.5 kJ/kg 

fy-h 5 = 181 -69.5 = 111.5 kJ/kg 

^ = 4.09 
W 


,, t „ R-E 3.5 kW 

H• PI ton of refrigeration COP = 777 — => 4.09 = ——- 

W//p W IfP 

Wj/p = 0.8557 kW or 1.147 HP/tonn refrigeration 

Q.26 A refrigerating machine, rated to produce 40 tons of refrigeration, is used for air conditioning between 
the operative temperatures of 42°C and 6°C of condenser and evaporator respectively. The refrigerant 
is dry saturated at the end of compressor. Find the capacity of the plant, power and capacities of 
compressor and condenser. 

Properties of refrigerant 


Temp. (°C) 

Pressure bar 

Enthalpy 

1 (kJ/kg) 

Entropy 

(kJ/kg-K) 

Volume (m 3 /kg) 



h f 

\ 

s f 

S 9 


42 

1.957 

249.7 

410.7 

1.125 

1.6712 

0.6975 

6 

0.5160 

- 

407.15 

1.018 

1.687 

0.04035 

-32 

0.0875 

- 

390.85 

0.9178 

1.715 

0.1665 


If the evaporator's temperature is reduced to -32°C, what will be effect on capacity of plant, power 
and capacities of compressor and condenser? 


Solution: 

Consider the simple vapour compression cycle as represented in 
T- s diagram. 

Process 1 -2-3-4 represents the refrigeration cycle working between 
42°C and 6 °C. 

Refrigeration capacity, Q 0 = 40TR = 40 x 3.5167 

= 140.668 kW 

Refrigeration effect = - h 4 = h 1 - h 3 


[CSE (Mains) 2015 : 20 Marks] 



■ ••( 1 ) 
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Since 1-2 is an isentropic process, S, = S, = S, + xS, 

* '1 ’a 

=* S ? = S g2= 1 6712 = 1.018 + jc • (1.687- 1.018) 

=* x = 0.976 

Vc = 2497 t<J/kg 

h 2 = Vc = 410 7 kJ/k 9 

For phase change at 6°C or 279 K: 


Entropy change, 


<Vs,) = 




^ 6 °c ~ ^^96 °c x 2y9 ) + ^ 6 °c = 220.5 kJ/kg 

Similarly ’ hf -32°c = hg_ 32 , c — Sfg_ 32 ° C x 241 = 198.73 kJ/kg 

• From (1), Refrigeration effect, q 0 = h, - h 3 = (h f&c + x ) - h 3 

= 402.6704 - 249.7 = 152.97 kJ/kg 

Mass flow rate of refrigerant = —2. = . 140 - 668 kW 

Q 0 152.97 kJ/kg 

=* m = 0.92 kg/s 

Refrigeration capacity of plant = 40TR = 140.67 kW 

Power of compressor = m(h 2 -h ,) =0.92 ■ (410.7-402.67) = 7.38 kW 

Volumetric capacity of compressor, mv : = 0.92 x 0.04035 = 0.037 m 3 /s 


Power of condensor = m{h 2 -h 3 ) = 0.92 ■ (410.7 - 249.7) = 148.12 kW 

Volumetric capacity of condensor, mv 2 = 0.92 x 0.6975 = 0.642 m 3 /s 

Now evaporator temperature is reduced to -32°C. 

For isentropic compression 6-2 — 

^2 = ^942°C = ^6 = ^_32°C + x Sfg_ 32 °c 
=> x = 0.945 


h e = h fg. 3 2 °c = 380 - 29 kJ / k 9 

Refrigeration capacity of plant now, Q 0 ' = rh(h 6 - h 5 ) (since 3-5 is an isenthalpic process) 

= m(h 6 -h 3 ) = 0.92 x (380.29-249.7) = 120.15 kW 

Power of compressor = m(h 2 - h Q ) = 0.92 x (410.7 - 380.29) = 27.98 « 28 kW 
Volumetric capacity of compressor = mv 6 = 0.92 x 0.1665 = 0.153 m 3 /s 

3 °ndensor operation remains same in this case and hence condensor capacity and power remain samp * 
Operator temperature of 6°C. 

Q.27 A 

Va Pour compression refrigeration cycle works between pressure limits 10 bar and 3 bar. The working 
U'd is dry at the end of compression and there is no undercooling before the expansion valve If 
^rigerant flow rate is 10 kg/min, determine: 

'!) the COP; 

^ the capacity of the refrigerator. 
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Table for properties of the refrigerant is as under: 


Solved Papers 


Pressure 

(bar) 

Saturation 
temperature (°C) 

Liquid heat 
(kJ / kg) 

Latent heat 
(kJ / kg) 

Liquid entropy 
(kJ / kg K) 

Vapour entropy 
(kJ / kg K) 

10 

25 

298.9 

1166.94 

1.1242 

5.0391 

3 

-10 

135.37 

1297.68 

0.5443 

5.4770 


Solution: 

Given: m r = 10 kg/min 
We know, 


[CSE (Mains) 2016 : 20 


Si - S 2 


Sr, = 5.0391 kJ/kg-K 


Si = 0.5443 x(5.4770-0.5443) 
0.5443+ *(5.4770-0.5443) = 5.0391 

x = 0.91 


Now for calculating : 


(i) 

(ii) 


hi = 135.37 + 0.91 x 1297.68 
= 1316.26 kJ/kg 

h 2 = 298.9 + 1166.94 = 1465.84 kJ/kg 
h 3 = h A = 298.9 kJ/kg 

1316.26-298.9 


COP = — 


Wn 


h 2 -h : 1465.84-1316.26 


= 6.8 


Capacity of refrigerator = m r x Ref. effect = m r (fy - h A ) 


- gQ x (1316.26-298.9) = 169.56 kW or 48.45 tonn 


Capacity = 48.45 TR 


.‘Psychrometry and Air.Conditioning Processes 


Marks] 



Q.28 Discuss and shown on the skeleton psychrometric chart, the process for the air passing through air 
washers with three types of spray (i) recirculated (ii) chilled and (iii) heated water. 

[CSE (Mains) 2001 : 10 Marks] 

Solution: 

Schematic of an air-washer for given applications is as shown below: 
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Inlet air passes through the air washer and water is sprayed on it during the process which is recirculated 
us ,ng a pump. Make up water is heated or cooled (as required) and supplied. 

Different processes depending on condition of water are as shown in psychrometric chart below. 

Various processes can be as follows 

(i) Recirculated water (no heating or cooling) 1-2A: 
in this case adiabatic saturation of inlet air takes place in this process, 
recirculated water and outlet air both achieve wet bulb temperature and 
outlet air gets saturated in the process: 

(ii) Chilled water 

(a) If t < t s < t (water temperature t s is greater than WBT). 

In this case cooling and humidification of inlet air takes place as 
shown by process 1-2B. Enthalpy of air increases desp.te cooling ,^"£1 “* ' 
due to humidification. Make up water needs to be externally heated. 

(b) ^ < ^s < * ' Cooling and humidification takes place. 

But enthalpy of air decreases, so water needs to be externally cooled. This process is shown by 1-2C. 

(c) t s = t D - Sensible cooling of air takes places as shown by 1-2D and water needs to be cooled. 

(d) < fo- Cooling and dehumidification takes place as shown by 1-2E. 

(iii) Heated water - t s > t 

In this case heating and humidification of inlet air takes place as shown by process 1-2F. Enthalpy of air 
increases and supply water needs to be continuously externally heated. 



Q.29 In an air-conditioning plant equipment exists for reheating the air before supply to a room to be 
maintained at 25° dbt with 55% R.H. The RSHL = 150,000 W and RLHL = 122,000 W. The discharge 
from cooling coil is 12°C dbt, 95% R.H. Calculate : 

(i) the supply air state and rate (ii) reheating, if any. 

[CSE (Mains) 2001 : 30 Marks] 

Solution: 


Given: RSHL = 150000 W, RLHL = 122000 W 

Schematic for the air conditioning plant can be shown in this figure 



Recirculated air post discharge from cooling coil passes through a reheater before being finally supplied to 
the room. 

Various processes can be represented on a psychrometric chart as below 
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from psychrometric chart, 


we get — 


Assume supply a ir rate is m 
*’• ^ 00rn latent heat load, 


0 } = 10.5 x 10' 3 kg/kg d.a. 

(o, = co 2 = 8.4 x 10 -3 kg/kg d.a. 

RLHL = /77 a (o), -to 1 )x2500 = 122 kW 


Room sensible heat load, 


rh a = --_ = 23.24 kg/s 

2500 x (10.5-8.4) xl CP 3 

RSHL = itigCpit; -t s ) = 150 kW 


Solv ed P apers 


Supply air state 
Specific humidity, 


f, -t 2 = --- = 7.823 

23.24x1.0216 

t 2 = 25-6.318= 18.7°C 

Supply air rate = m a = 23.24 kg/s 

DBT = 18.7°C 
(^ = 8.4 x 10~ 3 kg/kg d.a. 

Reheating done = m a C p Jt s -tJ = 23.24 x 1.0216 x (18.7- 12) = 158.65 kW 


Q.30 (a) 

(0 

(iii) 

(v) 


Show the following processes 
Heating and humidification 
Cooling and humidification 
Adiabatic saturation 


on the psychrometric chart: 

(ii) Cooling and dehumidification 
(iv) Heating and dehumidification 


[CSE (Mains) 2002 : 20 Marks] 

Solution: 


Processes on psychrometric chart are shown: 

1-2A - Heating and humidification 

- Process heating and textile plants 

- Achieved by steam injection in industries 
1-2B-Cooling and dehumidification 

- Most commonly employed in air conditioning during 
high humidity conditions 

1-2C-Cooling and humidification 



a) 

kg/kg da 


- Employed in summer air conditioning applications in low humidity conditions - example evaporative 
cooling using desert air coolers. 

1-2D - Heating and dehumidification 

- Used in industrial applications and laundry 
1-2E - Adiabatic saturation 

- Achieved by passing air through an air washer and continuously pumping water so that air becomes 
completely saturated and achieves wet bulb temperature. 


Q.31 In an air-conditioning system 30 rrfVmin of fresh out-door air is introduced at 43°C dry-bulb temperature 
and 30% relative humidity. The remaining air is re-circulated from the room maintained at 25°C dry- 
bulb temperature and 50% RH. The by-pass factor of the cooling coil is 0.15 an apparatus dew point 
is 11.8°C. RSH = 100 kW and RLH = 15 kW. Determine (i) humidity ratios for outdoor and room condition, 
(ii) OASH and OALH, (iii) ERSH and ERLH, (iv) supply air temperature, (v) supply air volume flow rate 
using ERSH and (vi) temperature at inlet to cooling coll by assuming the density of outdoor air and 
recirculated air to be the same. 


flpDE EBSU _ Refrigeration and Air-Conditioning < 303 

Given that saturation pressures of water at 25°C and 43°C are 3.1693 kPa and 8.6495 kPa 
respectively. Show the process on psychrometric chart schematically. Standard atmospheric 
pressure = 1.01325 bar 

[CSE (Mains) 2003 : 30 Marks] 

Solution: 

Schematic of air conditioning system can be shown in this figure 



25°C 50% RH 


Various processes in the system can be represented on psychrometric chart as below: 
Given: 

Saturation pressure for 25°C, Ps @25 = c = 3.1693 kPa 

RH for room air = 50% 

Vapour pressure for room air = P s x 0.5 
=> P v = 1.58465 kPa 

Humidity ratio or specific humidity for room air, 


to. = 0.622 


P-P, 


Similarly for outdoor air: 



= 9.88 x 10 -3 kg/kg d.a. 

P sat@43°C = 8 6495 kPa 
4) = RH = 30% 

P v = P s x<)> = 2.59485 

2.59485 

Humidity ratio for outdoor air, co 0 = 0 622 ‘ 10 i 325-2 59485 = 16,35 x 10 ~ 3k 9/kg d.a. 


CO 


Density of outdoor air and recirculated air can be taken as 1.2 kg d.a./m 3 . 

Mass flow rate of dry air in outdoor air taken in 

30 

= O f x p = — x 1.2 = 0.6 kg/s 
°o 60 

Assume supply air rate as m Sa 
Ventilation load: 

Outside air sensible heat, (OASH) = C pm {to h) - 0.6 x 1.0216 x (43 - 25) = 11.03 kW 

Outside air latent heat, (OALH) = m a • 2500(co o - co, ) = 0.6 x 2500 x (16.35 - 9.88) x 10-3 
=> OALH = 9.705 kW 

Effective room sensible heat, (ERSH) = RSH + BPF x OASH = 100 + 0.15 x 11.03 = 101.66 kW 
Effective room latent heat = RLH + BPF x OALH = 15 + 0.15 x 9.705 = 16.46 kW 

ERSH = rn as ■Cp jtj — t AD p) 


We know, 
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=* m a = 101166 = 7.54 kg/s 

s 1.0216 x (25-11.8) 

Volume flow rate of supply air, _ q 283 m 3 /s = 377 m 3 /min 

p 1.2 

.. Temperature at the inlet of cooling coil, 

f i = rh ao t 0 + (m as -m lh )-t i =26.57°C 

By pass factor = ^ tjADP =0.15 

“ ^ADP 

t 2 = 11.8 + 0.15 (26.57 - 11.8) = 14.016 ~ 14°C 

Q.32 The air handling unit of an air conditioning plant supplies a total 4500 cubic metre/min of dry air which 
comprises 20 percent fresh air at 40°C DBT and 27°C WBT and 80 percent of recirculated air at 25°C 
DBT and 50% RH. The air leaves the cooling coil at 13°C saturated state. Determine the total cooling 
oad and the room heat gain. Take specific volume of air entering the cooling coil as 0.869 m 3 /kg d.a. 


Condition 

DBT ( 6 C) 

WBT (°C) 

RH (%) 

Sp. Humidity 
(gwv/kg) da 

Enthalpy 
(kJ/kg) da 

Outside 

40 

27 

- 

17.2 

85.0 

Inside 

25 

- 

50 

10.0 

50.8 

ADP 

13 

- 

100 

9.4 

37.0 


Note: ADP - Apparatus dew point 
wv - water vapour da - dry air 


Solution: 

Schematic of the air-conditioning plant is as shown: 


[CSE (Mains) 2004 : 20 Marks] 


*m 8 

i 


Room 

i 


m 


a0 


m a 


Cooling coil 




13°C 

Saturated 


All 


the states and AC processes can be represented on a psychrometric chart as shown below 



Air at state ‘S’ -13°C, saturated is supplied to room for air conditioning. 
Enthalpy of air at state 1, h, = 0.2 • h Q + 0.8 /?,. =»/), = 57.64 kj/kg 
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Mass flow rate of dry air for supply, ^ = 4500 

3s 60x0.869 = 86,31 kg/s 

Room heat gain for the process, 

T . , , . , , m a s (hj-h s ) = 86.31 x (50.8-37) = 1191 02kW 

Total cooling load of the coil KVV 


^a s (^i h s ) = 86.31 x (57.648-37) = 1781.44 kW 


Q.33 An air conditioning plant is desinnori ^ 

and specific humidity of 0 0079 kn/kn h mamta,n a room at a condition of 20°C dry bulb temperature 
and 40% saturation The cor^nnrJ- Whe " the 0Utside condition is 30°C dry bulb temperature 

supply air containsJe.hirdou^deair b IT™ W (SenSib ' e) a " d 36 °° W < late "»' The 

temperature. by mass and the su PP | y temperature is to be 15°C dry bulb 

water within efficieLTo'f^oT^aft^Vrr reCirCulated air ' an air washer with chilled S P^V 

(i) the mass flow rate of supply air necessary; 

(ii) the specific humidity of the supply air; 

(iii) th e cooling load on the washer; 

(iv) the heating load on the after heater. 


Solution: 

Overall setup of the plant can be shown in the sketch below: 


[CSE (Mains) 2005 : 40 Marks] 



Various processes taking place in this setup can be shown as below: 
We have, 

Supply air temperature, t s = 15°C 
Room sensible head gain (RSH) = i^ as C pm {t i - t s ) = 18 kW 



18 

1.0216 x (20-15) 


= 3.524 kg/s 


This is the required mass flow rate of supply air. 

Room latent heat load (RLH) = iri as • 2500 (co^ - co s ) = 3.6 kW 



* n let air temperature to air washer, f, 
Specific humidity post air washer 

specific humidity of outside air, co 0 


0 0079 - 3.524x2500 = 00075 k9/l<9 da ' 

-\ p 3D 2 

j-fo+f f|= y + -- 2 0 =23.33°C 

specific humidity of supply air 

w s = 0.0075 

10.6 x 10" 3 kg/kg d.a. 


Iw 
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specific humidity post mixing chamber, to 1 = - • co 0 + = 8.8 x 10 3 kg/kg d.a. 

3 3 

Cl> 2 — Gl)-| 

Efficiency of air washer, ri = ~ 77 = 0.8 

’ 1 co s -a>i 


(0.0075-0.0088) = ?715 x 10" 3 kg/kg d.a. 
= U.UUoo H- 77 


From psychrometric chart, for given value of co s and <|> = 100 % we get, 
we get, t ~ 9°C 


t a ~ ^ 

r| = ——— = 0.8 


t S ’-U 

=> f 2 = fi + 0.8 - g = 23.33 + 0.8 (9 - 23.33) = 11.87°C 

Cooling load on air washer = m 3s • (fy - h 2 ) 

= 3.524 x [1.0216 (23.33 - 11.87) + 2500 (0.0088 - 0.0075)] 

=> Cooling load on air washer = 52.71 kW 

Heat load on after heater = rh a pp,m^s = 3.524 x 1.0216 x (15- 11.87) - 11.27kW 

Q.34 Explain the concept of effective temperature (ET) used in airconditioning practice. Discuss the 
parameters on which it depends. 

rr'cc rMoinc\ onnfi ■ 90 Marks! 


In Air conditioning comfort depends on temperature, humidity and velocity of air, hence as a result it is difficult 
to define comfort in terms of single parameter. Thus, concept of Effective Temperature (ET) is used to define 


index of comfort. 

ET is defined as that temperature of saturated air at which subject would experience same feeling of comfort 
as experienced in actual unsaturated environment based on concept of ET some comfort charts have been 


developed. 

These are referred to when a compromise in the inside design 
conditions is to be achieved. 

In general practice following are the condition for comfort 

in summer air conditioning. 

£7_2i.7°C DBT-25±1°C 

RH - 50 ± 5 % Air velocity - 0.4 m/s 



Effective Temperature depends on: 

1 Climate and seasonal different: People living in colder climate are feeling comfortable at lower ET than 
people living in warm region. 

2 Age and gender: Children and old aged person’s need 2 ° - 3 °C higher ET in comparision to adults and 

similar is case with women. .......... . 

3 Kind of activity: Persons who are involved in activities like dancing forging shop etc. need lower ET in 

comparison to person who are in rest condition. 

4. Density of occupant: Density occupied place need lower ET than the less dense places. 

Q 35 10 cu m of atmospheric air at 25°C DBT and 12°C WBT is flowing per minute through a duct. Dry 
saturated steam at 100°C is injected into the air steam with a rate of 1.2 kg/min. 

(i) What is the temperature of air after mixing the steam? 

(ii) What is the relative humidity of air after mixing the steam? [CSE (Mains) 2007 : 30 Marksj 
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Solution: 

The process in this can be represented between inlet state (1) and 
outlet state ( 2 ) as shown on psychrometric chart below 

Massbalance, /T7 a (co 2 — co-,) = m s ...( 1 ) 

where ' = mass flow rate of steam 


Energy balance, m a (h 2 -h ,) 

Assuming h g ^ Q = 2600 kj/kg, 

From psychrometric chart, we get, 


™sA@ioo°c ...(2) 



DBT = 25°C 


V/, = 


h. = 


Mass flow rate, m = 


From (1), we get, 
=> 

From (2), we get, 
=> 

we know, 


0.85 m 3 /kg d.a. 

34 kj/kg d.a. 

(o 1 = 3.5 x 10 ~ 3 kg/kg d.a. 

Of 10 


0.85 


= 11.765 kg/min d.a. 


11.765 (a > 2 - 4 x 10 3 ) = 1.2 


co 2 = 0.106 kg/kg d.a. 
11.765 [h 2 - 34] = 1.2x2600 


h 2 = 
h 2 = 
U = 


299.2 kj/kg d.a. 

(1.005 + 1.88 co 2 ) t 2 + 2500 to 2 = 299.2 
29 46 r C 


036 s: a w c :: mber at s : c db i r 25 ° c wbt * a rate ° f 90 ^ 

is 1 . 01 325 bar. While passing through the chamber, the air absorbs sensible heat at the rate of 40 7 kW 

and picks up 40 kg/hr of saturated steam at 110"C. Determine the dry and wet bulb temperatures of 
leaving air. 

Properties of steam are given below: 

Enthalpy of saturated steam at 110°C is 2691.3 kJ/kg. 

[CSE (Mains) 2000 : 30 Marks] 

Solution: 


© 

4 r- 

© 
mi X 

_ i 

1 

cmm = 90m 3 /min 

WVV—•—! 

© 


r 

Saturated steam @ 110*C 

Consider mixing of air and steam leading to outlet state (3) as shown above. 

Volumetric flow rate of air, V f = 90 m 3 /min 
Representing the processes here in a psychrometric 
chart as — 

From psychrometric chart, we get: 


= 0.792 m 3 /kg d.a 


90x60 

Mass flow rate = = 6818.2 kg/hr of d.a. 

o ) 1 = = 3 6 x 10 -3 kg/kg d.a 

^ ass balance between states (1) and (3), 

m a (o > 3 — ( 0 -|) = 40 kg/hr 



2.5*C 5°C 
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=> (ao= --- + 3 6 x 10~ 3 = 9.47 x 1CT 3 kg/kg d.a. 

3 6818.2 

/i 1 = (1.005 + 1.88(0^ ^ + 2500 co 1 = 14.06 kJ/kg d.a. 
Energy balance between states (1) and (3), 

m a (h 3 ~ = 40.7 x 3600 + 40 x 2691.3 


tu= 14 06 + —-—( 40 . 7 x 3600 + 40x2691.3) = 51.337 kJ/kg d.a. 
3 ' 6818.2 


Also, 


h 3 = { 1.005 + co 3 • 1.88) t 3 + 2500 © 3 = 51.337 


^ t _ 51.337 - 2500 x 9.47 x 0~ 3 

3_ 1.005 + 9.47 x 10“ 3 x 1.88 

/. DBT at final state = 27.05°C 

from psychrometric chart, WBT at state (3) = 18°C 


= 27.05°C 


Q.37 Develop an expression for enthalpy of moist air per unit mass of dry air as under: 

^ = 1 -°0 5 f ® (2500 + 1.88 t) kJ/kg where t is DBT and © is humidity ratio. 

[CSE (Mains) 2008 : 15 Marks] 
or 

Show the enthalpy of humid air per kg of dry air is given by 
h = C pm x DBT + 2500 © 

where, C pm = humid air specific heat = (1.005 + 1.88 ©), © = specific humidity kg/kg of dry air, 
hfg = 2500 kJ/kg at 0°C for water and DBT = dry-bulb temperature. 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 

For low temperature and pressure, both water 
vapour and air can be considered to be ideal gases 
By Gibb’s law, enthalpy of mixture of ideal gases is 
equal to sum of individual enthalpies of its component 
gases. 

Enthalpy of moist air per unit mass of dry air (Reference state) 

h = h + (o h, 

where, h v = enthalpy of 

water vapour at given state (A) 

© = specific humidity 

Water vapour at state A is present in superheated state at temperature 7°C Assume 

reference state which is at zero enthalpy. Ume f ~ 3 ^ to be the 

If water vapour is heated at constant pressure along saturation curve from Cto B 

h B = h c + Vc + c P,+e - 0) = h (gb . c + C pv t 



s 


where, = latent heat of vaporization at 0°C = 2500 kJ/kg 

Cp.v = s P ec rfi c heat of water vapour = i .88 kJ/kg K 

At low pressure, enthalpy can be assumed to be a function of temperature. Hence enthalpy of water vapour at 
state A is nearly equal to enthalpy at B. 

h = h a + o)^= C p a t+ ©(1.88 t+ 2500) 
h = 1.005 f+ ©(1.88 t+ 2500) 


Enthalpy of moist air. 
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to be considered for estimating (i) cooling load, (ii) heating load for an 

gain through ducts for an air-conditioning system? 

[CSE (Mains) 2009 : 20 Marks] 


Solution: 

Cooling load estimate: 

Room Load: 

A. Room sensible heat (RSH) 

(i) solar and transmission heat transfer through wall, roof, glass. 

(ii) infiltration 

(iii) internal heat gains, (people, lighting, appliance etc.) 

(iv) additional heat gains. 

(v) Supply duct heat gain supply duct leakage loss, fan horsepower. 

Sum of above give RSH load. 

(vi) By passed outside air load 

RSH + (vi) = ERSH 

B. Room latent heat (RLH) 

(i) infiltration (ii) internal heat gain 

(iii) vapour transmission (iv) additional heat gain 

(v) supply duct leakage loss 

Sum of above give RLH load 

RLH + by passed outside air load = ERLH 

ATB = RTH (Room total heat load) 

Grand total heat (GTH) = TSH + TLH 

TSH = ERSH + Sensible heat of outside air that is not by passed + return duct heat gain 
TLH = ERLH + Latent heat of outside air not bypassed + return duct leakage gain. 


Heating load estimate: 

1. Transmission heat loss calculated from wall, roof etc. due to difference between outside air and inside air 
temperature. 

2. Solar radiation 

3. Internal heat gain 


Duct heat gain: 

Normally supply air is at temperature of 10-15°C. The duct may pass through an unconditioned space having 
ambient temperature of 40°C. This results in significant heat gain by the time air reaches conditioned space 
even though when duct is insulated. 

Heat gain (Q) = UA{t a - t s ) 

where, U = Heat transfer coefficient 

A = Surface area 

t and t s = ambient and supply temperature 

As rough estimate, a maximum of 5% of room sensible heat may be added to total heat load. 


Q.39 


T he outdoor summer condition for a Bank for one hundred persons is T db - 310 K and T wb = 300 K. 
The required inside conditions are T db = 295 K and <|> = 60%. The room sensible heat is 4,00,000 kj/hr. 
The room latent heat is 2,00,000 kJ/hr. Ventilation requirement per person is 0.0047 m 3 /hr. The By- 


Pass factor is 0.15. 

Evaluate: 

{?. Q rand total heat 
(•ii) Apparatus dew point 


(ii) Effective sensible heat factor (ESHF) 

(iv) Volume flow rate of dehumidified air 

[CSE (Mains) 2009 : 40 Marks] 
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DBT 

WBT 

RH 

(0 

h 

V 

37 °C 

27 °C 


0.0186 

85 

0.905 

22°C 


60% 

0.0102 

48 

0.85 




Ventilation requirement per person = 0.0047 m 3 /hr 

For 100 person = 0.0047 x 100 = 0.47 m 3 /hr 

CMM (m 3 /min) = — = 7.83x10 -3 m 3 /min 
60 


'eshf 


22°C 37°C 


(i) Outside air sensible heat, OASH = 0.0204 CMM (t 0 - t.) 

= 0.0204 x 7.83 x 10~ 3 x (37.22) = 2.396 x 10" 3 kW 
Outside air latent heat, OALH = 50 CMM (co 0 - to,.) 

= 50 x 7.83 x 10" 3 x (0.0186-0.0102) = 3.367 x 10" 3 kW 

Outside air total heat or ventilation load 

OATH = OASH + OALH 

= 2.396 x 10" 3 + 3.367 x 10~ 3 = 5.763 x 10“ 3 kW 
Total sensible heat, TSH = RSH + OASH 


4,00,000 


+ 2.396x10" 3 = 111.11 kW 


3600 

Total latent heat, TLH = RLH + OALH 

= 2 -m + 3. 367x1 0- 3 = 55.56 kW 
3600 

Grand total heat, GTH = TSH + TLH = 166.67 kW 

(ii) With by-pass factor of 0.15: 

Effective room sensible heat, 

ERSH = RSH + by-pass factor x OASH 

= 111.11 + 0.15 x 2.396 x 1CT 3 = 111.11 kW 
Effective room latent heat, ERLH = RLH + by-pass factor x OALH 

= 55.55 + 0.15 3x 3.367 x 10 -3 = 55.55 kW 

Effective sensible heat factor, 

ESH _ 111.11 

eshf= ESH + ELH 111.11+55.55 °' 666 

(iii) Drawing 0.666 SHF line from inside condition. The intersection with the saturation curve give ADP as 9°C. 

(iv) Dehumidified air quantity 

ERSH 

(CMM)„= 0.0204ft--( adp )(1-BPF) 

111.11 , Qon 3) . 

= 0.0204(22-9X1-0.15) 4 - 9m/min 

Q 40 20 m 3 of air per minute at 30°C DBT and 60% RH is sensibly cooled to 20»C DBT. Take saturation 
pressure of water vapour at 30°C and 22°C temperatures to be 0.425 bar and 0.0265 bar respectively. 

Find heat removed from air. 

Take atmospheric air pressure p b = 1 bar . el 

K [CSE (Mains) 2009 : 20 Marks] 
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m a = 20 m 3 /min 


Solution: 

Consider sensible cooling of air between states (1) and (2) as 
shown in sketch here 

m a = 20m 3 /min 

Saturation pressure of water vapour, 

^s@ 3 o°c = 0-425 bar 

Vapour pressure of water vapour at this temp. (30°C) 

P v = P s x 0 = 0.425x0.6 
= 0.255 bar 

Humidity of air at this state, to. = 0 622 Pv 

P-P v 

_. n coo 0.255 

=> co. = 0.622 x- 

1 1-0.255 

= 0.213 kg/kg d.a. 

Specific heat of air, C p m = C p a + coC pv = 1.005+ 0.213 x 1.88 

= 1.4053 kJ/kg d.a. 

Density of air can be assumed to be 1.2 kg/m 3 d.a. 


Sensible 

cooling 


o © 


DBT = 30®C 
<t> = 60% 


DBT = 22®C 



Mass flow rate of dry air = V f x p = 20 m 3 /min x 1.2 kg d.a./m 3 

= 24 kg/min = 0.4 kg/s 

For sensible cooling, rate of heat removed from air, 


= ™ a C Pi m(k - f l) = 0.4 x 1.4053 x (22 - 30) = 4.5 kW 


Q.41 Illustrate the following processes on psychrometric chart with initial state of moist air as dry bulb 
temperature equal to 20°C and relative humidity of 50% : 

(i) Cooling and humidification (ii) Heating and humidification 

(iii) Humidification at constant dry bulb temperature. 

Mention one application each for above humidification process. 

If the moist air leaves the system for the case (iii) above, at 90% relative humidity, determine per unit 
mass of dry air: 

• increase in humidity ratio, A© 

• increase in enthalpy, A h 

• increase in dry bulb temperature, At 

• Determine Sensible Heat Factor (SHF) for this process. 

[CSE (Mains) 2010:20 Marks] 

Solution: 


Consider a sketch of psychrometric chart below for the description 
°f given processes 

2A - cooling and humidification: Used in air cooling applications 
ln summer in dry areas of low humidity e.g. desert coolers. 

1 - 2B - heating and humidification: Used in winter air conditioning 

Processes 

1 - 2C - humidification at constant DBT: Used in textile industries 
and in laundries to maintain required moisture at a given temperature. 
' n 'tial state in this case -1 

DBT = t, = 20°C, $ = 50% 
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From psychrometry chart, we get — 


Final state - 2 : 


(o, = 7.0 x 10 -3 kg/kg d.a. 


DBT = t 2 = 20°C, $ = 90% 
co 2 = 12.7 x 10' 3 kg/kg d.a. 

Increase in humidity ratio, Aco = co 2 - co 1 = 5.7 x 10" 3 kg/kg d.a. 

Increase in enthalpy, from char, Ah = h 2 - h y = 37.5 = 13.5 kJ/kg d.a. 

Increase in dry bulb temperature, Af = t 2 - ^ = 0 

Sensible heat factor = 9§_ = 9-B^ 2 ~ . I 9 = o 

Ah Ah 

Q.42 It is desired to maintain a room at temperature of 20°C when outside temperature is 30°C. The volume 
of this room is 300 m 3 . The pressure in the room and outside is 1 bar. 

(i) The air in the room is renewed completely in 1 hour. Calculate the mass of air that the air 
conditioning system pumps into the room. 

(ii) Compute maximum possible C.O.P. of this A/C system. 

(iii) When this A/C system is switched off, the temperature inside the room reaches 21 °C in 20 minutes. 
Calculate the amount of heat transferred from the surroundings to the room. 

(iv) Calculate power required by this system. 

[CSE (Mains) 2011 : 15 Marks] 


Solution: 

We have, Ambient temperature, T Q = 30°C = 303 K, Room temperature, T K = 20°C = 293 K, Pressure =1 bar 
Gas constant for air can be taken as 0.287 kJ/kg K. 

PV 100x300 

Mass of air contained in the room, m = ~ q 287 x 293 = 356,76 kg 


This mass of air needs to be renewed within an hour. 

Mass flow rate of air required to be pumped in the room 

356.76 . 

m a = -= 5.95 kg per min 

a cn ^ 


Maximum possible COP will be obtained for the refrigeration machine when it is equivalent to a reversible 
Carnot generator operating between surroundings and room. 


T k 293 

POP = —-— =- 

7q - T k 303 - 293 


= 29.3 


This can be illustrated by the sketch: 

Since heat loss from the room takes place at constant pressure, rate of heat loss from 


the room 


Q _ mCpAT _ 356.76 x 1.005 x (21 - 20) 


On = — = 

0 Af 


Af 20 x 60 

[where Af = time = 20 minutes] 


Q 0 = 298.8 Watt 

On 298.8 _, no ... 

Power required by the system = QQp = 29 3 U '^ Watt 
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q 43 Cold water bottles kept in a room often start condensing atmospheric moisture. What is the minimum 
temperature to which water bottle can be cooled without any dripping of moisture from its surface 
when kept in a room at 25°C. DBT and 60% RH? If it is desired that a water bottle at 10°C should also 
not condense moisture on its surface, what should be the RH in room keeping the DBT the same? 

[CSE (Mains) 2011 : 15 Marks] 


Solution: 

When air is cooled at constant pressure, water vapour also 
cools along saturation pressure line. This can be represented 
by T-s diagram below. Water vapour in air is present in the 
from of superheated vapour at a state A. 

When air is cooled at atmospheric pressure (in which vapour 
pressure of water vapour is P-v), water vapour's temperature 
starts reducing and at state B, when temperature becomes 
equal to saturation temperature equivalent to P-v or dew point 
temperature condensation starts taking place. 

This is the minimum temperature-dew point temperature to 
which cold water bottle should be cooled to enable any 
dripping of moisture. Above this temperature no water will 
be formed on bottle surface. 

Consider psychrometric chart as shown in figure. 

Saturation curve on the graph corresponds to 100% relative 
humidity. 

For DBT = 25°C and 60% RH, 

Horizontal line from this state intersects saturation curve at 
16.5°C. This is dew point temperature above which no 
moisture will from on the bottle. 

For minimum temperature for moisture formation to be 10°C, 
consider horizontal drawn from saturation curve at 10°C. This 
intersects the vertical from DBT = 25°C at 0 = 38%. 

Hence if air is at DBT = 25°C and 0 less than 38%, moisture 
formation will not happen even if the bottle is cooled up to 
10°C. 



«J)= 100% 



Q.44 In a water heating air conditioning system 1 kg/s of ambient air at 7 C DBT, 80% RH is sensibly heated, 
then adiabatically saturated to a high humidity of RH - 90%, and then further sensibly heated to the 
desired outlet state of 25°C DBT and 50% RH. 

Determine the temperature of air at various state points and show all the processes on a psychrometric 
chart. Also determine the amount of moisture added per hour in the adiabatic saturator. 

t CSE (Mains) 2011 : 20 Marks] 

Elution: 


MITIUK7I ll 

0 

Sensible 

? i Adiabatic: i j Sensible | ? r 

m g - 1 kg/s—|—*■ 

heating 

' : saturation! j heating | 

7°C 

- RH = 90% 


Outlet 

25°C 

50% 


which ambient air goes through from state o to supply state s , as shown 


Consider the senes of processes 
,n figure above. 
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These processes can be shown in a psychrometric 
chart as below: 

Point o and s are plotted on psychrometric graph. 

Horizontal line extended backwards representing 
sensible cooling is drawn at ‘s’ to intersect <|> = 90% 
line at 2. Similarly, horizontal line representing 
sensible heating is drawn from o and allowed to 
intersect constant WBT line from 2 at 1-since for 
adiabatic saturation, WBT remains unchanged. 

Reading temperatures and specific humidity at state 
1 and 2 from Psychrometric graph, we get, 

^ = 25.5°C, t 2 = 15°C 
co, = 5 x 10 -3 kg/kg d.a. 
c^ = 9.4 x 10~ 3 kg/kg d.a. 

Amount of moisture added = rh a ( co 2 — co,) = 1 kg/s x (9.4 x 10~ 3 -5 x 10~ 3 ) kg/kg d.a. 

= 4.4 x 10 -3 kg/s = 15.84 kg/hour 



Q.45 An air-conditioning system (see figure) operates at a total pressure of 1 atm. It consists of a heating 
section and a humidifier that supplies wet steam (saturated) at 100°C. Air enters the heating section at 
10°C and 70 percent relative humidity at the rate of 35 m 3 /min. It leaves at 20°C and 60% relative 
humidity, Determine 

(i) temperature and relative humidity of air when it leaves the heating section 

(ii) the rate of heat transfer to the heating section, and 

(iii) the rate at which water is added to the air in the humidifying section. 


io°c 

70% 


Heater 


Iflflflflftl 


35 m 3 /min 


Sat. steam 100°C, 


rO|/j = 


2675 kJ/kg 


Air 
1 atm 


Humidifier 




20°C 

60% 


O © © 

Also draw skeleton Psychrometric chart representation showing the process. 

[CSE (Mains) 2012 : 20 Marks] 


Solution: 

Consider the psychrometric chart below to represent processes from inlet state (1) to outlet state (3) 
From psychrometric chart 
Specific volume at inlet conditions, 

v, = 0.81 m 3 /kg d.a. 
co, = cd 2 = 5.4 x 1CT 3 kg/kg d.a. 
co 3 = 8.75 X 10 -3 kg/kg d.a. 

Q f 35 

Mass flow rate of dry air, m a = ^ _ go x 0 81 

= 0.7202 kg/s 

Assume mass flow rate of steam to be m s . 

=> h, = (1.005 + 1.88 co,) f, + 2500 co, = 23.65 kJ/kg d.a. 










and, 


ha = (1.005 + 1.88 co 3 ) f 3 + 2500 to 3 = 42.304 kJ/kg d.a. 

Assume rate of heat addition in heater section is 6 kW. 

Mass balance in humidifier section, 

m a ( co 3 -to 2 ) = rh s 

=> m s = 0.7202 x (8.75-5.4) x 10" 3 kg/s = 2.413 x IQ- 3 kg/s 


Energy balance, 


We know, 


^a(^3 ~^i) = Q + m s xh fl 

s 9@100°C 

0.7202(42.304-23.65) = Q + 2.413 x 10" 3 x 2675 
Q = 6.98 kW 
6 = m a (h 2 - hj = 6.98 

h 2 = 33.34 kJ/kg d.a. 

h 2 = (1.005 + 1.88 o) 2 ) t 2 + 2500 co 2 = 33.34 
L = 19.55°C 


From psychrometric chart, we see for state 2, relative humidity, <{> = 38% 

Q.46 100 m 3 of air per minute at 15°C DBT and 80% relative humidity is sensibly heated until its temperature 
becomes 22°C. Saturation pressures of water vapour at 15°C and 22°C are 0.017 bar and 0.02645 
bar respectively. Find heat added to air per minute. Take atmospheric pressure = 1.013 bar. 

[CSE (Mains) 2013 : 25 Marks] 

Solution: 

Consider heating of air as shown in figure between states (1) and (2) (T) ( 2 } 

Saturation pressure at 15°C DBT = P s = 0.017 bar - » i'_ r 

Vapour pressure @ 80% relative humidity *i = 15 ° c Heater f 2 = 220(2 

P v = P s = 0.8 = P s x <RH = 80% 

= 0.8x0.017 = 0.0136 bar 


RH = 80% 


Heater 


t 2 = 22°C 



/ r 
/ ' 
/ ' 

/ • 

^ / 


Specific humidity of air = 0 ^ = (o 2 = 0-622 p _ p kg/kg d.a. 


0.0136 

= °- 622 ‘ 1.013 - 0.0136 = 8 464 X 10 ' 3 ^9 d a - 
Specific heat of air, C pm = C pa + w C pv = 1.005 + 1.88 <0 

= 1.005 + 1.88 x 8.464 x 10“ 3 = 1.0209 kJ/kg d.a. K 

Volume flow rate of air, cmm = 100 m 3 /min 

Mass flow rate of air = ^ • p = ^ x 1.2 kg/s = 2 kg/s 

Heat added in sensible heating = rfi a C p/in {t 2 - W =2-1.0209 x (22 - 15) K 

= 14.2926 kW^ 14.29 kW 
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Q.48 Differentiate between summer and winter air-conditioning processes. 

[CSE (Mains) 2014 : 10 Marks) 


Solution: 

Summer air conditioning requires reduction of ambient air temperature and humidity to comfortable levels due 
to very high dry bulb temperature and high relative humidity in summers. This involves treatment of air in a 
cooling coil which carries out “cooling and dehumidification" process in the air-conditioning setup. Recirculated 
air and ambient air interact with a low Apparatus dew point coil and are supplied to the room. 

On the other hand, winter air conditioning requires heating and humidification of ambient air owing to low 
temperature and humidify conditions at the time. This can be achieved by one of the following two methods: 

(a) Preheating room air with steam or hot water followed by adiabatic saturation and reheat. 

(b) Humidification in an air washer using externally heated water followed by reheat. 

Processes followed in both summer and winter air conditioning can be shown in psychrometric chart below 




Q.49 Mechanical air-conditioning can be used in all geographical locations, whereas desert air-coolers can 
be used only in some geographical locations. Explain why. Show the processes involved in both these 
equipments. 

[CSE (Mains) 2014 : 10 Marks] 

Solution: 

Air has capacity to hold moisture upto saturation point. Air cooler in its operation uses this principle In an air 
cooler when air is passed over water, dry air picks up water, which get converted to vapour using heat from the 
air itself, thus the air gets moist and its temperature reduces. But this process is only possible till saturation 
point. Thus for the cooler to work efficiently it is important that the air is dry having less moisture otherwise, 
there will not be much difference in before and after condition of air. 

While in air conditioning direct cooling of air take place by bringing the air in contact with a surface which is 
cooler than air, thus this system will work anywhere, irrespective of surrounding condition 

Q.50 The air handling unit in an AC plant supplies a total of 4500 mW of dry air which comnrises by 
weight 20% fresh air at DBT and 50% RH. Air leaves the cooling at 13«c saturated. Calculate total 
cooling load and room heat gain: 


Condition 

DBT 

(°C) 

WBT 

(°C) 

RH 

(%) 

Sp. humidity 
(kg/kg of dry air) 

Enthalpy 
(kg/kg of dry air) 

Outside air. 

40 

27 


17.2 

85 

Room air 

25 


50 

10.0 

50.8 

ADP 

13 


100 

9.4 

37.0 


[CSE (Mains) 2014 : 20 Marks] 
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Solution: 

Schematic of AC plant and room can be shown below 
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Ambient 


Room 


Cooling coil 


Processes taking place in the plant can be shown in a psychrometric 
chart as given: Room recirculated air at state T and ambient air at state ‘o 
combine before cooling coil at state 1 

Total cooling load in the AC plant is represented by state change of 
moist air between state 1 and supply air state ‘s’. 

Density of air at 50% RH and 25°C can be taken as 1.2 kg/m 3 d.a. 

Mass flow rate of dry air, m a = 6 r p = 450 ^ 

Enthalpy at state (1), 


60 


x 1.2 =90 kg/s 



fy = 0.2 • h Q + 0.8 • h. 

= 0.2 x 85 + 0.8 x 50.8 = 57.64 kJ/kg d.a. 

7otal cooling load of coil, m a (/i 1 -h s ) = 90 x (57.64-37) = 1857.6 kW 

Room heat gain = m a (h. -h s ) = 90 x (50.8 - 37) 1242 kW 

Q.51 In a drier operating at steady state atmospheric air at 30°C and 101.325 kPa with a relative humidity of 
40^* is first heated to 110°C at constant pressure. The heated air is then allowed to pass over the 
material to be dried and the air leaves the drier at 70°C with a relative humidity of 0.5. If it is required 
to remove 60 kg/min of moisture from the material, determine the mass flow rate of dry air required in 
kg/min and the rate of heat transfer to the air as it passes through the heating unit. 


Use o C = 2696.12 kJ/kg 


Solution: 

Consider schematic for the drier as shown in figure: 

O ,—© 


[CSE (Mains) 2015 : 20 Marks] 


Heater —f 


Drier 


DBT = 30°C 
RH = 40% 


© 


DBT = 110°C 


DBT = 70°C 
RH = 50% 


Post heating in the heater at constant pressure at 110°C is used for drying. 

From Psychrometric chart, for state (1), 

co, = 10.2 x 10 -3 kg/kg d.a. 

= w, = 10.2 x 10 -3 kg/kg d.a. 

Note " p sat for 70 °C should be mentioned in this equation. 70°C limit is outside psychrometry graph and hence 
no °ther way of calculating w 3 . 

Taking P sat at 70°C = 31.2kPa 

P at 70°C = R H x P s = 0.5 x 31.2 = 15.614 kPa 




= 0.622 


P-P, 


= 0.622 


15.614 


101.325-15.614 


= 113.31 x 10~ 3 kg/kg d.a. 
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Moisture removal rate in the drier = 60 kg/min 

Assume mass flow rate of dry air in the drier is m g kg/min. 

Mass balance in drier for moisture, 

m a {(Q 3 - (Qfc) =60 kg/min 


m a = 


(113.31 - 10.2)x 10' 


= 583.6 kg/min 


h 2 - h a + co 2 • h v - C pa t 2 + (o 2 ■ h guQOC 

= 1.005 x 110 + 0.0102 x 2696. 12 = 138.86 kJ/kg 


Sim,lar| y. h, = h a + <D 1 ■ h v = C pa t, + co 1 (C py U + hfg 0 ) 

=> h A = 1.005 x 30 + 0.0102 (1.88 x 30 + 2501) = 56 kJ/kg 

Rate of heat transfer to the air in reheater 

= m a (h 2 - h,) = ^^x (138.86 - 56.2) = 801.66 kW 
60 

Q.52 Air at dry-bulb temperature of 30°C and 60% relative humidity enters a cooling coil at the rate of 
250 m 3 /min. 

(i) Determine the refrigeration in ton needed to bring the temperature of the air to the coil temperature 
of 23°C and also the relative humidity at that condition. 

(ii) If the effective surface temperature of the cooling coil or ADP is 12°C and the by-pass factor is 0.1, 
determine the refrigeration in ton needed and the mass of water condensed out at the cooling coil 
per minute. Determine also sensible heat factor for die process through the coil. 

[CSE (Mains) 2016 : 20 Marks] 

Solution: 

Inlet condition: 

DBT = 30°C, d = 60%, V f = 250 m 3 /min Corresponding DPT = 20.5°C 
Since cooling above DPT, thus sensible cooling will take place with constant co. 

co 1 at30°C = 0.152 kg/kg of dry air = co 2 
h 1 = 66.5 Kj/KG OF DRY AIR 

h 2 = 60 kJ/kg from chart 

250 

Thus cooling load (refrigeration) = m a (h : -h 2 ) = 1 2 x ( 66 - 5 ~ 6 °) = 32.5 kW or 9.29 tonn 

(assume density of air = 1.2 kg d.a/m 3 ) 

Relative humidity @ state 2 is 90% (from chart) 

(ii) When ADP is 12°C, then along with cooling, condensation will also take place. Thus, calculating inlet 
temperature, specific humidity and enthalpy with help of bypass factor. 

At ADP temperature of 12°C 

co s = 0.009 kg/kg of d.a 

h s = 34.5 kJ/kg of d.a from chart. 


0.1 = 


f 2 — 12° 
30° -12 £ 


f 2 =13.8°C 


h 2 = 37.7 kJ/kg of d.a 


Similarly, 


mP° e 


Eosa 


Refrigeration and Air-Conditioning 
(j^ = 0.00962 kg/kg of d.a 

250 xl .2 x (66.5-37.7) 
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Refrigeration = tyxpx(ftj-/■£) = 6Q 
= 144 kW = 41.14 ton 

Mass of water condensed out per minute = V f x p x (c^ - CO 2 ) 

= 250 x 1.2 x (0.152-0.00962) 
= 1.674kg/min 

SH _ h 3 -h 2 


We know that, 


SHF = 


SH + LH {h 3 -h 2 ) + {hi-h 3 ) 
(from chart h 3 = 53 kJ/kg ) 


SHF = 


h 3 -h 2 _ 53-37.7 


hi-h 2 66.5-37.7 


= 0.531 
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' P ressure in an automobile tyre depends on the temperature of the air in the tyre. When the air 

temperature is 25°C the pressure gauge reads 210 kPa. If the volume of the tyre is 0.025m 3 , determine 
the pressure rise in the tyre when the air temperature in the tyre rises to 50°C. Also, determine the 
amount of air that must be bled off to restore pressure to its original value at this temperature. Assume 
the atmospheric pressure is 100 kPa and gas constant of air, R = 0.287 kPa m 3 /kgK. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

The absolute pressure in the tyre is 

P 1 = P gauge+ P atm = 210 + 100 = 310kPa 
Gas constant of air, R = 0.287 kPa m 3 /kgK 

= 0.287-^f x m 3 x — L = 0.287 kJ/kgK 
nr kgK 

As the air is an ideal gas, the final pressure in the tyre can be determined using the ideal equation as follows: 

pm __ p 2 y2 
T 1 t 2 

Since the volume in the tyre remains constant, l/, = v 2 . 

T _ (273 + 50) 

2 7, (273 + 25) 310 

323 

= 298 X 310 = 336kPa 

Pressure rise in the tyre, AP = P 2 - P 1 = 336 - 310 = 26 kPa 


py 

Initial mass, m. = — 

Hl i 


310x0.025 
0.287 x 298 


= 0.0906 kg 


Final mass, m 2 = —- 


310x0.025 
0.287 x 323 


= 0.0836 kg 


Amount of air to be bled off, A m = m 1 - m 2 

= 0.0906 - 0.0836 = 0.0070 kg 
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Q 2 An insulated rigid tank is divided into two equal parts by a partition. Initially, one part contains 4 kg of 
an ideal gas at 800 kPa and 50°C, while the other part is evacuated. The partition is now removed and 
the gas expands into the entire tank. Determine the final temperature and pressure in the tank. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 


4 kg 
800 kPa 
50°C 


Evacuated 




Partition 


[V = Total volume] 


Removing the partition is equivalent to allowing the partition to move in the right direction until the ideal gas 
fills the entire tank. As the right part of insulated tank is evacuated (i.e. there is vacuum), the resisting force in 
this would be zero. Since the resisting force is zero, the work done by the expanding gas is zero. 

As per first law of thermodynamics, 

AO = A W+ A U 

AO = 0 [AO = 0 for insulated tank and AW= 0 for free expansion] 

for an ideal gas, 


u = f(T) only, so, T 2 = T^= 50°C 

As T 2 = T, the process is isothermal. 

P,V, = mR^ = P 2 V 2 


p - ■ il 


= PlX^ = 


1 800 


= 400 kPa 




Q.3 Define steam, quality and derive expression for specific volume of steam in terms of steam quality, 
v=v f + xv fg 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

Definition of steam : When we provide continuous heat to water then at 100 C temperature and 1 atmospheric 
pressure, it boils and changes its phase and liquid to vapour. This vapour is known as steam. Steam is a 
vapour and is used as the working substance in the operation of stem engines and steam turbines. 

Quality of steam : The steam in the steam space of a boiler generally contains water mixed with it in the form 
of a mist (fine water particles). Such a steam is termed as wet steam. The quality of steam as regards its 
dryness is termed as dryness fraction. Dryness fraction is usually expressed by the symbol * and is often 
spoken as the quality of wet steam. 

m s 

Dryness fraction,.r = “ 

where m s = mass of dry steam contained in the steam considered. 
m = mass of water in suspension in the steam considered. 
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Example : If dryness fraction of wet steam, * = 0.7, then one kg of wet steam contains 0.3 kg of moisture 

(water) in suspension and 0.7 kg of dry steam. 

Specific volume of steam : The specific volume is the volume occupied by the unit mass of steam and it i s 
expressed in m 3 /kg. In other way, the value of cubic meter per kg of dry saturated steam (m J /kg) is known as 
the specific volume of dry saturated steam, 

If the steam is wet, having a dryness fraction of *, one kg of wet steam will consist of * kg of dry (pure steam) 
and ( 1 - a) kg of water held in suspension. Let l/be the total volume of liquid vapour mixture of quality x, t^the 
volume of the saturated liquid, and V the volume of the saturated vapour, the corresponding masses being m, 
m i and m g , respectively. 

N° w - m = m f + m g 

and V=V f +V g 


mv = m f v f + m g v g 
mv={m- m g ) v f +m g v g 
v = (1 -x)v f + xv g = v f + x(v g - v f ) 
v= v f + xv fg 


(because V= mv) 


Hence derived 


Unit£2 Heat Transfer, 






Q.1 A flue gas stream is to be monitored for its temperature using a thermocouple. The thermocouple 
design needs to be evaluated in terms of its time response to accurately predict the measured 
temperature. The thermocouple junction can be approximated as a sphere of diameter 0.6 mm, density 
of the bead material (p) 8500 kg/m 3 , thermal conductivity(k) is 30 W/mK; specific heat (c) is 0.3 kJ/ 
kgK. The convective heat transfer coefficient (h) between the junction and flue gas is 300 W/m 2 K. 
Determine the time required to read 90% of the initial temperature difference. Neglect radiation effect 
and change in thermophysical properties with temperature. 

[CSE (Mains) 2017 : 20 Marks] 


Solution: 


1 / 


Characteristic length, L = — 


L = TtD 3 x-L = £ 

6 nD 2 6 


Biot number, Bi = — = 


hL 300 x 0.6x10 


,-3 


6x30 

Bi = 0.001 

Since Bi < 0.1, lumped system analysis can be used. 

T(t) ~ _ (1-0.9) = 0.1 = exp 

T. -71 


hAt 

L 'pcv 


hAt 

pCV 


= In 10 


Thermocouple wire 


Flue Gas 

To, h 



Schematic of thermocouple 


t = 


p Of 
hA . 


|n10 = 8500x0.3x103 x0.6x 10-3 xZ3Q26 


6 x 300 


Time (t) = 1.9572 seconds 





mpoe 




Jttt 
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q 2 Explain clearly what is “thermally developed zone" in case laminar flow through a tube both for (i) 
constant wall temperature case (ii) constant heat flux case. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 


Thermal 
boundary layer 



Let us consider that a fluid at a uniform temperature enters a circular tube with its wall at a different temperature. 
The fluid particles in the layer in contact with the surface of the tube will assume the tube surface or wall 
temperature 7 w 

This will initiate convection heat transfer in the tube followed by development of the thermal boundary layer 
along the tube. The thickness of this thermal boundary layer reaches the tube center and thus fills the entire 
tube. 

The region of flow over which the thermal boundary layer develops and reaches the tube centre is called the 
thermal entry region. The region beyond the thermal entry region in which the temperature profile remains 
unchanged is called the thermally developed region/zone. 

(T-T w ) 

The dimensionless temperature profile J does not also change upstream of thermal entry length. The 


cone in wh,ch the flow is both hydrodynamically and thermally developed is called the fully developed region. 
The shape of the fully developed temperature profile 7f r ,,) a uniform heat flux is maintained. For both surface 
conditions, however, the amount by which fluid temperature exceed the entrance temperature increases with 
'Hceasing x. 
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(a) (b) 

Variation of average bulk temperature of a fluid in a pipe for 
(a) constant heat flux and (b) constant wall temperature 

Nusselt number for fully developed laminar flow in a tube is given as 


Nu d = — = — = 4.364 (for constant heat flux) 


Nu d = — = 3.66 (for T w = constant) 


L _ 






gpF' 





-1 



Q.3 What is the shape factor in case of radiative heat exchange? Discuss the four (4) basic shape factor laws. 

„ , . [CSE (Mains) 2017 : 10 Marks] 

Solution: 


Radiation heat transfer between surfaces depends 
well as their radiation properties and temperatures 


on the orientation of the surfaces relative to each other as 
as illustrated in figure shown below: 


Surface 2 



To account for the effects of orientation on radiation heat transfer bet 

parameter called the view factor, which is a purely geometric quamit Ween tW ° SUrfaces ’ we define a neW 
properties and temperature. It is also called the shape factor, configuratiOnT ' t independent of the surface 

The four basic shape factor laws are as follows: 

Reciprocity Theorem 


and angle factor. 


• A r — A F 
'V i-2 ~ Wl 

• It indicates that the net radiant interchange may be evaluated bv rn 

factor from either surface to the other. m Puting one ways configuration 
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Shape Factor of Some Important Surfaces 

. plane surface = 0 (F u = 0) 

, Convex surface = 0 (F, 1 = 0) 

. Concave surface * 0 (F, 1 * 0) 


Summation Rule 

This rule says that the shape factor from a surface (1) to another (2) can be expressed as a sum of the shape 
factors from (1) to (2a), and (1) to (2b). Using this rule allows us to break up complicated geometry into smaller 
pieces for which the individual shape factors can be found. The illustration of summation rule is shown in 
following figure: 




Summation rule for shape factor in radiation heat exchange 

Symmetry rule. If the geometry involves symmetry, then the determination of the 
view factor is simplified. The presence of symmetry can be judged by inspection 
while keeping the definition of the view factor in mind. Identical surfaces 2 and 3 
that are oriented in an identical manner with respect to surface 1, as shown in 
figure, will intercept identical amounts of radiation leaving surface 1. That is, 

^1-2 = ^1-3' 

Therefore, the symmetry rule states that two (or more) surfaces that posses symmetry 
about a third surface will have identical view factors with respect to the third surface. 



Q.4 A small disc-shaped earth satellite, I m in diameter circles the earth (radius 6250 km) at a distance of 
300 km from the surface. The flat surface of the disc is oriented tangential to the earth’s surface. The 
satellite surface has an emissivity of 0.3 and is at — 18°C. Calculate the net rate at which energy is 
leaving the satellite. Assume that: (i) The average earth surface temperature is 27°C and the earth is 
black body, (ii) The satellite is in shadow of the earth and (iii) The part of the satellite surrounding not 
occupied by the earth is black and at 0 K, (iv) Stefan-Boltzmann constant (a) = 5.67 x 10“ 8 W/m 2 K 4 . 



ution: 


VJII. 

The rate of emission of radiant energy from the satellite surface ,s 

Q : = 2&i 

The factor 2 above accounts for two surfaces of satell t 


[CSE (Mains) 2017 : 20 Marks] 
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a , 97 o_i8) 4 = 112.976 Watt 

O - 2 x 0 3 x-x I 2 x 5.67x10 x( 2 

' 4 rh the above calculated radiant energy would 

The earth and the surroundings are state to be black and as su ece j V e back any of the radiation emitted 
be completely absorbed by these surfaces. The satellite would not re 

by it. 4 u r aching the satellite a portion 

The earth at temperature T ? emits radiation equal to {A^rz^b 2 >■ tivityoc of the satellite equals its 

(a^A 2 F 2 ^c b T2) would be absorbed by the satellite from Kirchoff s law, a s coming from the earth is 

emissivity e r Therefore the rate at which the satellite receives and absor 

Q 2 = 'V r 2i°b 7 2 

from reciprocity theorem, /^F 12 = A 2 F 2V therefore 

Q 2 = G i \2°b^2 

Since the satellite is small in relation to the earth’s surface, its 
radiation shape factor would be 


Surroundings, 3 


F 12 = sin 2 a = 


(Refer text book for its derivation) 


R 

R + L 


^2 = 


L = 300 km = 3 x 10 b m 

K \ 2 

6.25 x10 b 

1 a os v in 6 + n 3x 10 6 



= 0.91 


q = 0 3 x —(I) 2 x 0.91 x 5.67 x 10~ 8 x (300) 4 = 98.47 W 
2 4 

Since the surroundings are at 0 K, they do not emit any radiations. Net rate at which energy leaves the satellite 
surface is 

Q = 0 1 - Q 2 = 112.976 - 98.47 = 14.5 W 






Q.5 In an open heart surgery, under hypothermic conditions, the patient’s blood is cooled before surgery 
and rewarmed afterwards. It is proposed that a concentric tube counterflow heat exchanger of length 
0.5 m is to be used for this purpose, with a thin walled inner tube having diameter of 55 mm. If water at 
60°C and 0.1 kg/s is used to heat the blood entering the heat exchanger at 18°C at a flow rate of 0.01 
kg/s, what is the temperature of the blood leaving the heat exchanger? One may assume, overall heat 
transfer coefficient (U) = 500 W/m 2 K, specific heat of blood and water are respectively C Pb | 00d = 3.5 
kJ/kgK, C pwtm - 4.187 kJ/kgK. 

[CSE (Mains) 2017 : 20 Marks] 

Solution: 




Water 
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Hot Fluid 

Cold Fluid 

Water 

Blood 

mass flow rate, m h = 0.1 kg/s 

m c = 0.01 kg/s 

Specific heat, C h = 4.187 kJ/kg K 

C c = 3.5 kJ/kg K 

Ti/ = 60°C 

T c , = 18°C 


Heat capacity of water, C h = m h C h 

C max = c h = 0.1 X 4.187 = 0.4187 kW/kg-K 
Heat capacity of blood, C c = m c C c 

C min = 0.01 x 3.5 = 0.035 kW/kg-K 

Capacity ratio, C = ^ = -i 3 : 035 = 0.0836 

Ch Qnax 0.4187 


NTU = — = 500 xo 0.055x0.5 
C min 0.035 xIO 3 

Effectiveness for counterflow heat exchanger is given by 

= 1 - exp[-NTU(1 - C)] 
1-Cexp[-NTU(1-C)] 

NTU (1 -C) = 1.2342(1 -0.0836) = 1.131 

1 — exp[—1.131] 1-0.322 


Effectiveness is also defined by 


1-e xp[-1.131] 1-0.3227 

1 - 0.0836exp[-1.131] “ 1-0.0836x0.3227 = °' 696 


Actual Heat Transfer 


Maximum Heat Transfer 


Q _ C c {T co -T ci ) 

dmax C mm (T hj — T Cl ) 

C^Th-TJ 

= 0.696 X 0.035 x 10 3 (60 - 18) = 1023.12 W 
Actual heat transfer, q = C c {T co - T cj ) 

T co= T'.+jj- 

= 18 1023.12 _ 47 232 » c 

00 35 


Q.6 Write down the assumptions to analyze a counterflow heat exchanger using LMTD (Log mean 
temperature difference) method and also write down the expression for LMTD in a counterflow heat 
exchanger with the help of terminal temperatures. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 


Assumptions to analyze a counterflow heat exchanger using LMTD method are as under: 

(i) The overall heat transfer coefficient U is constant throughout the heat exchanger. 

(ii) The specific heats and mass flow rates of both the fluids are constant. This also implies that heat capacities 
(a product of mass and specific heat) of the fluids are constant over the entire length of flow path. 

(iii) The exchanger is perfectly insulated and so the heat loss to the surroundings is negligible. 
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^ 6 ^ erri P era ture at any cross-section of the stream is uniform, i.e., at any c/s of heat exchanger, each of 

( x T ^ ^ Can char acterised by a single temperature. 

, .. ere IS n ° conduction of heat along the tubes of heat exchanger, 
vi) The KE and PE changes are negligible. 

) There is no partial phase change in the systems. The analysis would thus be applicable for sensible heat 
changes and for the cases when condensation or vaporisation is isothermal over the entire flow path. 



Cold fluid - 


Cold fluid 



t 

£ ©1 
to _1_ Jcl 




Length 


Temperature changes of fluids during counterflow arrangements 


LMTD = 


0i - 0 2 


<- Expression 



Q.1 A single cylinder 4 stroke SI engine is producing 100 kW power at an overall efficiency of 20%. Engine 
uses 4 fuel ratio of 0.01. Determine how many m 3 /hr of air is used if air density is 1.2 kg/m 3 . The fuel 
vapour density is 4 times that of air. How many m 3 /hr of mixture is required? Calorific value of fuel is 
42000 kJ/kg. [CSE (Mains) 2017 : 20 Marks] 

Solution: 

BP 

Overall efficiency, ho — ^ ^ q y 

BP _ 180 

Wf = T | 0 x CV ~ 0.2 x 42000 = 0 012 k 9/s 

Air density, p a = 12 kg/m 3 
Fuel vapour density, p, = 4 x 1.2 = 4.8 kg/m 3 

Fuel mass flow rate, rii f = 0.012 x 3600 = 43.2 kg/h 
F/A ratio = 0.07 

m a (Air flow rate) = = 617.143 kg/h 




t 0 P e e* lSU 
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Mass flow rate 

Volumetric flow rate of air = —Der^ity 


= 514.525 m 3 /hr 


rrif 43 2 

Volumetric flow rate of fuel = ~ = —— = 9 m 3 /hr 

P f 4.8 

Volumetric flow of fuel mixture = V a + V f = 514.525 + 9 = 523.525 m 3 /hr 

q 2 A six cylinder 4-stroke diesel engine has a bore of 60 mm and a crank radius of 32 mm. The compression 
ratio is 9:1 and engine volumetric efficiency is 90%. Determine: (i) Stroke length, (ii) Mean volume per 
cylinder, (iii) Swept volume per cylinder, (iv) Clearance volume per cylinder, (v) Cubic capacity of the 
engine, (vi) Actual volume of air aspirated per stroke in each cylinder. 

[CSE (Mains) 2017 : 20 Marks] 


Solution: 


Stroke length, L = 2 x crank radius 
= 2 x 32 = 64 mm 

Mean piston speed, S p = 2LN 

o 1 

= 2x64x10 3 x- 


■ 60 = 213 ^ 

Swept volume per cylinder, V s = j D 2 L = — x 6 2 x 6.4 


Ans.(i) 


= 180.956 (cm) 3 = 181 cc 


Ans.(ii) 


Ans.(iii) 


14 + v c v s 

Compression ratio, r = —-— - y + 1 

C C 


s 

Clearance volume, V c = 


= — = 22.625 cc 
9-1 

Cubic capacity of the engine = Number of cylinder x Swept volume 

= 6x 181 = 1086 cc 


Ans.(iv) 

Ans.(v) 


Actual volume flow rate of air 

Volumetric efficiency = Vo | ume flow rate of air corresponding to displacement volume 

A I 


V a = 

- , _ 1000 
= 0 . 9 x^x( 0 . 06 ) 2 x0.064x^^ 

1 / = 1 357 x 10" 3 m 3 /s or 4.8858 m 3 /hr 


Ans.(vi) 
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Q.1 Draw valve timing diagram of 4-stroke high speed and low speed SI internal combustion engine. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 


Exhaust Intake Exhaust 



Q.2 The air-fuel ratio of an SI engine varies from no-load to full load condition. Write air-fuel ratio requirement 
for an engine under following conditions with reason: (i) Idling condition, (ii) Cruising condition, (iii) 
High load condition, (iv) Cold-start condition 

[CSE (Mains) 2017 : 10 Marks] 


Solution: 


Idle 

system 



Transfer 
Idle and 
main metering 
system 

Stoichiometric 


Power 
system and | 
main 
metering 
system 


Main metering system 


Load 


9.1 (0.1099) 

12(0.08333) 

15(0.06667) 

19(0.05263) 
23 (0.04348) 


Mixture requirements of automotive S.l. engine 


1 Idling and low speed (From no-load to about 20% of rated power): 

Idling refers to no power demand. During idling air supply is throttled and residual gases make up a large 
fraction of the charge at the end of the suction period. In addition, during valve overlap period some 
exhaust gases are drawn back into the cylinder. The result is that a chemically correct (stoichiometric) 
mixture of air and fuel (=15:1) would be so diluted by residual gases that combustion would be erratic or 
impossible. A rich mixture, therefore, must be supplied during idling (say A/F ratio 11:1 or 12:1). The 
richness should gradually change to slightly lean for the second range as shown above. 
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2 . Cruising or normal power (from about 25% to about 75% of rated power): In the normal power 

the main consideration is fuel economv. Benause miytnrpnffi ioi anH air --- . . . range 
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3. 


4. 


the main consideration is fuel economy. Because mixture of fuel and air is never completely homo ^ 
the stoichiometric mixture of fuel and air will not bum completely and some fuel will be wastedFonhT 

reason an excess of air, say 10% above theoretically correct (» 16.5: I), is supplied in order to ^ ^ 
complete burning of the fuel. nsure 

Maximum power (from 75% to 100% of rated power): Maximum power is obtained when all the air 
supplied is fully utilized. As the mixture is not completely homogeneous a rich mixture must be supplied 
to assure utilization of air (though this would mean wasting some fuel, which would pass in exhaust in 
unburned state), The air-fuel ratio for maximum power is about 13:1. 

When the engine is started from cold, its speed and temperature are low and as such much of 'heavy 
ends' (The hydrocarbons with high vapour pressures and low boiling points are called 'light ends' and 
those which are less volatile are called 'heavy ends') supplied by the carburettor do not vaporise and 
remain in liquid form. Further vaporised fuel may recondense on coming in contact with cold cylinder walls 
and piston head. Thus, even when the F/A ratio at the carburettor is well within the normal combustion 
limits or petrol-air mixtures, the ratio of the 'evaporated fuel' to air in the cylinder may be too lean to ignite. 
Consequently it is necessary to supply a rich mixture during starting, as much as 5 to 10 times the normal 
amount of petrol (A / F ratio 3:1 to 15:1 or F/A ratio 0.3 to 0.7), in order that light ends' are available for 
proper ignition. With the warming up of the engine there is an increase in the amount of evaporated fuel 
and hence the mixture ratio should be progressively made leaner, too rich evaporated F/A ratio is avoided. 


[_ _ Ik feiaD gnod] aatetem «».><»•.).) . .1 

Q.1 Discuss experimental determination of calorific value of solid fuel with a neat diagram. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

Bomb Calorimeter for determination of Calorific Value of solid fuel : Calorific value (CV) of a fuel is a 
characteristic of fuel which is defined as the energy liberated per kg of fuel burnt. 

It is used to measure the calorific value (CV) of solid as well as liquid fuel. But to determine the CV of oas 
one need to choose Junker's calorimeter. 

A calorimeter contains thick walled cylindrical vessel and it consists of the lid which supports two electrodes 
which are in contact with fuse and fuel sample of known weight. 

The lid also contains oxygen inlet valve through which high-pressure oxygen gas (at about 25 to 30 atm) 
is supplied. ' 

Entire lid with fuel sample is now held in a copper calorimeter containing known weight of water. A 
mechanical stirrer is provided to stirred well for uniform heating of water. 

A thermometer is also provided to measure the change in temperature of water due to combustion of fuel 
in Lid. 

Procedure of bomb calorimeter experiment 

• A known quantity of fuel sample is added in the crucible. 

• Start the stirrer and note down the initial temperature of water. 

Start current through the crucible and let fuel sample to burn in presence of oxygen. 

Heat released during combustion of fuel is taken by water and hence temperature of water rises. 

• Note final steady state temperature of water. 

Higher Calorific Value of fuel = (m 1 + m 2 ) x {T c +T A - T 2 ) x CJm f 
where 

and m 2 are the mass of water in the copper calorimeter and water equivalent of bomb calorimeter respectively, 
m^is the mass of fuel sample whose calorific value is to he determined. 
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anc * ^2 are ^e f' n al and initial temperature of the water sample. T c is temperature correction for radiation 
losses. 

C w is specific heat of water. 

Water equivalent of bomb calorimeter can be found out for particular bomb calorimeter by first by doing an 
experiment based on known fuel sample whose calorific value is already known. It depends on the manufacturer 
of the Bomb calorimeter. 



Bomb Calorimeter 

Practical applications of Bomb Calorimeter: 

Bomb Calorimeter is used for the measurement of the calorific value of fuel oils, gasoline or petrol, coke, coal, 
combustion waste, foodstuffs and building materials etc. 

A bomb calorimeter is also used for energy balance study in ecology and study of Nano-material, ceramics, 
zeolite. The bomb calorimeter is helpful to study the thermodynamics of common combustible materials. 


Q.2 A sample of fuel was found to have the following percentage analysis by weight: C 80; H2 16; and ash 
etc. 4. Determine the minimum weight and volume of air required to burn 1 kg of this fuel. Density of 0 2 
is 1.429 kg/m 3 . 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

We have to find the oxygen required to burn the two combustibles (carbon and hydrogen). The chemical 
reactions are: 

(jj C + O2 = CO2 

12 + 32 = 44 
or 1 + 2.67 = 3.67 
(ii) 2H 2 + 0 2 = 2H 2 0 

4 + 32 = 36 
or 1 + 8 = 9 

Above equation shows that 1 kg of C requires 2.67 of 0 2 to burn it, and 1 kg of H 2 requires 8 kg of 0 2 to burn 
it. 

Mass of C in 1 kg of fuel = 0.80 kg (as given) 

0 2 required to burn 0.80 kg of C = 0.80 x 2.67 = 2.136 kg 
0 2 required to burn 0.16 kg of hydrogen = 0.16 x 8 = 1.28 kg 

Total 0 2 required = 2.136 + 01.28 = 3.416 kg/kg of fuel 
Minimum weight of air required to burn 1 kg of fuel 
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= 3.416 x = 14.85 kg 
23 y 


Volume of 0 ? required to burn 1 kg of fuel = 


3.416 

1.429 


= 2.39 m 


3 


100 


So. minimum volume of air required = 2.39 x — = 11 .383 m 3 /kg of fuel 




!4?Perf6rmance*'andiTesting' , 6f.l.Cf Engines' 


Q.3 The engine test on a single cylinder four stroke diesel engine has following observations: 


Test duration = 1 hr 

Fuel consumption = 11.4 kg 

Indicated mean effective pressure = 6 bar 

Engine rpm = 300 rpm 

Brake rope diameter = 20 mm 

Temperature rise of cooling water = 55°C 

Exhaust gas temperature = 420°C 


Bore x Stroke = 0.3 m x 0.45 m 

Calorific value of fuel = 42 MJ/kg 

Net load on brake = 1500 N 

Brake drum diameter = 1.8 m 

Quantity of the jacket cooling water = 600 kg 

Quantity of exhaust measured = 290 kg 

Specific heat of exhaust gas = 1.03 kJ/kgK 


Ambient temperature = 20°C 

Estimate: (i) The indicated power, (ii) The brake power, (iii) The indicated thermal efficiency, (vi) Draw 
up an energy balance sheet. 

[CSE (Mains) 2017 : 20 Marks] 

Solution: 


Indicated power, IP = 


Brake power = 


Pirn L^N 
2 x 60000 

6 x 10 5 x 0.45 x — x 0.3 2 x 300 
_4_ 

2 x 60000 
(W - S)nDN 


= 47.713 kW 


Ans.(i) 


Indicated thermal efficiency, t| jth = 


60 x 10 3 
1500x71x1.82x300 
60000 

IP 47.713 


m f x CV _HiL x 42 x 10 3 
3600 


[D = 1800 + 20= 1820 mm] 

= 42.883 kW 

- = 0.3587 or 35.87% 


Ans.(ii) 

Ans.(iii) 


Energy Balance Sheet (on minute basis) 


11.4 


Heat input = —— x 42 x 10 3 = 7980 kJ/min 


60 


Heat equivalent of BP = 42.883 x 60 = 2572.98 kJ/min 


600 


Heat lost to cooling water = m w c pw {t w/2 -t w ^) - ^ x 4.18x55-2299 kJ/min 


Quantity of exhaust gas, m g = ( m f + m a ) = 290 kg 
Heat carried away by dry exhaust gases = m g C pg (t g - t a ) 


290 


x 1.03 x (420 - 20) = 1991.33 kJ/min 


60 
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Heat Input 
(per minute) 

(kJ) 

Heat expenditure 
(per minute) 

(kJ) 

(%) 

Heat supplied by fuel 

7980 

1. Heat equivalent to BP 

2573 

32.24% 



2. Heat lost to cooling medium 

2299 

28.8% 



3. Heat lost to exhaust 

1191.33 

24.95% 



4. Unaccounted loss 

1116.67 

13.99% 



Net 

7980 

100% 


Unitl4 Steam Engineer! 




'-U? 


m 

Tsirdk 



m 



.-nn 





Q.1 The efficiencies of the compressor and turbine of a gas turbine are 70% and 71%, respectively. The 
heat added in the combustion chamber per kg of air is 476.35 kJ/kg. Find a suitable pressure ratio 
such that the work ratio is 0.054. Also find the corresponding temperature ratio. The inlet total 
temperature of air is 300 K. 

[CSE (Mains) 2017 : 20 Marks] 



Work ratio = 1 - 


Y-1 

r y 


= 1 - 


c 1 




c 1 
0.0544 = 1 - T 


t 0.70x0.71 


- = (1 -0.0544) x 0.70 x 0.71 =0.4699632 = 0 47 
t 

Heat added in combustion chamber, Q = 476.35 kJ/kg 
Assuming specific heat of combustion gases as C p - 1-147 kJ/kg k 

0= C p (T 3 -T 2 ) = 476.35 


[Heat addition] 








ifipoe 


e«sa 


r r 1 + i(c-i) 
Tic 


Q= C r 


' 7 i 


7-0 


7, - 7, - —c + — 1 

Tic Tl c 


V 


0= 0/^-1-- + - 
P Wl Tic Tl Cy 

Q . 0.47f 1 ^ 

— = t, ?-i-+ — 

V Tic Tic > 


1 


476.35 , 0.47 A 

1.147 “ 30 °l f_1_ 070 + 0.70 
415.3 = 300 (f- 1 - 0.6714? + 1.4286) 
1.3843 = 0.3286 + 0.4286 
1.3843-0.4286 


t = 


0.3286 


« 2.91 


7 


^ = f = 2.91 


7 
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j = 0.47 So. c = 2.91 x 0.47 = 1.3677 

(r p y = 13677 

1 4 

Pressure ratio, r p = (1.3677)° 4 = 2.992 = 3 



Q.2 The rotor of an axial flow fan has a mean diameter of 30 cm. It runs at 1470 rpm. Its velocity triangles 
at entry and exit are described by the following data: Peripheral velocity components of the absolute 

velocities at entry and exit are: 

C yi = —u,C y2 = -u where, C = fluid velocity, u = peripheral speed 

(i)" Draw the inlet and exit velocity triangles for the rotor and prove that the work is given by 


(ii) 



Calculate the pressure rise, take a 


constant density of air, p = 1.25 kg/m 3 . 

[CSE (Mains) 2017 : 20 Marks] 


Solution: 

The rate of work done is given by 


Specific work. w c - ^ 


Work = Torque x angular velocity of the rotor 
W c = m(cor 2 C e2 - <*Wi ^ei) 

W c = rhiu 2 C e2 - u-jQji ) 

_ = u 2 C e2 — u-C 0 i 


(i) 



Q.3 (i) Explain about (I) back pressure turbine (II) by-product power cycle (III) co-generation plant 
(IV) tri-generation plant. 

(ii) Define overall efficiency, boiler efficiency, cycle efficiency, mechanical efficiency and generator 
efficiency of a Rankine cycle based power plant and also prove that: 

11 overall = T 1 boiler XT l C ycle x ^mechanical XT 1 generator 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

(i) There are several industries, such as paper mills, textile mills, chemical factories, dying plants, rubber 
manufacturing plants, sugar factories etc., where saturated steam at the desired temperature is required 
for heating, drying, etc. For constant temperature hearing (or drying), steam is a very good medium, since 
isothermal condition can be maintained by allowing saturated steam to condense at that temperature and 
utilizing the latent heat released for heating purposes. Apart from the process heat, the factory also 
needs power to drive various machines, for lighting, and for other purposes. 



eosa 


CSE Mains 2017 ◄ 337 



Fig. (a) 

Back pressure turbine 

Formerly it was the practice to generate steam for power purposes at a moderate pressure and to generate 
separately saturated steam for process work at a pressure which gave the desired heating temperature. 
Having two separate units for process heat and power is wasteful, for of the total heat supplied to the 
steam for power purposes, a greater part will normally be carried away by the cooling water in the condenser. 
By modifying the initial steam pressure and exhaust pressure, it is possible to generate the required 
power and make available for process work the required quantity of exhaust steam at the desired 
temperature. In fig (a), the exhaust steam from the turbine is utilized for process heating, the process 
heater replacing the condenser of the ordinary Ranking cycle. The pressure at exhaust from the turbine is 
the saturation pressure corresponding to the temperature desired in the process heater. Such a turbine is 
called a back pressure turbine. A plant producing both power and process heat is sometimes known as 
a cogeneration plant. When the process steam is the basic need, and the power is produced incidentally 
as a by-product, the cycle is sometimes called a by-product power cycle. Figure (b) shows the T-s plot of 
such a cycle. If W T is the turbine output in kW, Q H the process heat required in kJ/h, and wis the steam 

flow rate in kg/h. 


and 



W T x 3600 
w(h 2 -h 3 ) 

W T x 3600 


= w(h i h 2 ) 

= Q h 



(h,-h 2 ) 


a 


W T x3600x(h 2 -tW Lllh 
U H h 1 - h 2 


_ , ho .,\ tn the bv-product cycle, W T part of it only 

Of the total enerov input Q., (bs heat) to y h 

, yy M . . prnv /n _ W T ), which would otherwise have 

work (or electricity). The remaining energy t i t 


in converted into shaft 
been a waste, as in the 
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Ranking cycle (by the Second Law), is utilized as process heat. 

Fraction of energy (Q,) utilized in the form of work (W T ), and process heat (Q H ) in a by-product power 
cycle 


_ ^r+q 


H 


O: 


Tri-generation Plant 

Tri generation is the simultaneous production of three forms of energy: electricity, heating and cooling, a 
trigeneration system can provide power, hot water, space heating and air conditioning from a single 
system. Generators lose heat as they create electricity. A tri-generation facility captures this heat that 
would otherwise be lost and uses it to generate both hot and cold water. The chilled water is created by an 
absorption chiller, which is generated by the excess heat and which operates like a refrigerator. It creates 
water at sufficiently low temperatures to be used for air conditioning. 



iaeai rcanKine cycle r 

Overall or turbine efficiency ('n overaN )- This efficiency covers internal and external losses; for example, 
bearings and steam friction, leakage, radiation etc. 


_ Work delivered at the turbine coupling in he at units per kg of steam 
Tlovera " “ Total adiabatic heat drop 


'Boiler efficiency’ is the ratio of heat actually utilised in generation of steam to the heat supplied by the 
fuel in the same period. 


i.e., 


Boiler efficiency = 


m a (h-h n ) 


where, m a = Mass of water actually evaporated into steam per kg of fuel at the working pressure and 
C = Calorific value of the fuel in kJ/kg. 


If the boiler, economiser, and superheater are considered as a single unit, then the boiler efficiency 
termed as overall efficiency of the boiler plant. 


is 


For 1 kg fluid 

The S.F.E.E. for the boiler (control volume) gives 

h 4 + Q, = fy 

Q = h i - ^4 

The S.F.E.E. for the turbine as the control volume gives 


h : = W T + h 2 


W T =h,-h 2 

Similarly, the S.F.E.E. for the condenser is 


h 2 — C?2 ^3 


— ^2 ^3 


f 
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and the S.F.E.E. for the pump gives 

h 3 +W p = h A 
W p = h A - h 3 

The efficiency of the Ranking cycle is then given by 

Ket _ W T ~W p _ (h,-h 2 )-(h 4 -h 3 ) 

Q^ Q^ - h A 



Internal efficiency of a steam turbine 

The internal efficiency of turbine is defined as 

Internal output h^-h 2 
^internal Ideal Output - h 2s 

Work output available at the shaft is less than the internal output because of the external losses in the 
bearings, etc. 

Brake output or shaft output = Internal output - External losses 

= Ideal output - Internal and External losses 
= (kW x 3600 kJ/h) 

The brake efficiency of turbine is defined as 

Brake output _ kW x 3600 

^ brake — |(jeal OUtpUt ~W s {h^-h 2s ) 

The mechanical efficiency of turbine is defined as 

Brake output _kWx3600 
T * mech Internal output w s (h^-h 2 ) 

•• ^brake — ^internal X ^mech 

While the internal efficiency takes into consideration the internal losses, and the mechanical efficiency 
considers only the external losses, the brake efficiency takes into account both the internal and external 
losses (with respect to turbine casing). 

The generator (or alternator) efficiency is defined as 

Output at generator terminals 
^generator “ Brake output of turbine 

The boiler efficiency is defined as 

Energy utilized _ w s (h : -h A ) 

'Hboiier ~ Energy supplied w f x C.V. 

where w f is the fuel burning rate in the boiler (kg/h) and C.V. is the calorific value of the fuel (kj/kg), i.e. the 
heat energy released by the complete combustion of unit mass of fuel. 

The power plant is an energy converter from fuel to electricity, and the overall efficiency of the plant is 
defined as 
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_ kW x 3600 
^overall ~ ^plant = Wf x C.V. 

This may be expressed as 

kW x 3600 wU%-h A ) _ Brake out P — 1 x — W x jgQO 

^overall = ~ Wf x c.vT = w^TCAA w s (h, - h 4 ) w s (h 1 - h ? ) Brake output 

... hor . ^overall = ^boiler x ^cycle X ^turbine (mech) X ^generator 

pump work has been neglected in the expression for cycle efficiency. 


(W f x C.V.)kJ/h 

Power 

(kW x 3600) kJ/h 

Fuel 

plant 

Electricity 


Power plant-an energy converter 
from fuel to electricity 


Q.4 The mean diameter of the blades of an impulse turbine with a single row wheel is 105 cm and the 
speed is 3000 rpm. The nozzle angle is 18°, the ratio of blade speed to steam speed is 0.42 and the 
ratio of the relative velocity at outlet from the blades to that at inlet is 0.84. The outlet angle of the blade 
is to be made 3° less than the inlet angle. The steam flow is 8 kg per sec. Draw the velocity diagram for 
the blades and estimate the (i) resultant thrust on the blades (ii) tangential thrust on the blades (iii) 
axial-thrust on the blades (iv) power developed in blades and (v) blade efficiency. 

[CSE (Mains) 2017 : 20 Marks] 

Solution: 


C w = 390 m/s 
C w i - 


C bl = 164.5 m/s-4— —H 



Mean diameter of the blades. D = 105 cm 
Speed. N = 3000 rpm 

blade speed 
Speed ratio, p - steajT) sp^ 


0.42 


Ratio of relative velocity. K = 

Outlet blade angle, b = 
Steam flow rate, m = 

Blade speed. C# = 

c,= 


£^. = 0.84 

O* 

0 - 3 C 


8 kg/s 

kDN _ 3.14x 105x 10 -2 x 3000 


60 

C a = 164.5 
p " 0.42 


60 


= 392 nYs 


164.5 rrVs 


= C, cos 18= = 392 cos 18= = 372.31 m/s (Refer ALPS) 
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Again from ALPS, sin 18° 
From cosine rule, 


C rt = 
C*- 

from AMPS, sin 6 = 


121.135 m/s 

Cf + q£-2C,C u cos18° 

(392) J + (164.5) 2 - 2 x 392 x 164.5 cos 18‘ 
241 m/s 

241 x 0.84 = 202.44 m/s 
C fl 121.135 


'r1 


241 


« 0.5 


0 = 
«> = 


30° 

0 - 3° = 27 c 


[This can be measured geometrically also.] 


Applying cosing rule for ALMN: C§ = - 20^0* cos27° 

= (202.44) 2 + (164.5) 2 - 2 x 202.44 x 164.5 cos 27 C 
93.27 m/s 


from AMNQ: 


from ALNQ; 


C„ = 


sin 4» = 


'f o 


'r 0 


sin <|> = 202.44 sin 27° = 91.9 m/s 


C^o _ [C 0 2 - Qo] 


| 1/2 


By exact geometrical measurement, C w 
Tangential thrust, F t 


= %/93.27 2 -91.9 2 = 15.927 m/s 

C w = = 372.81 + 15.927 = 388.74 m/s 

390 m/s 
m(C w1 + C^q) 

= 8x388.74 = 3109.92 = 31 ION 

Axial thrust, F a = m{C n - C f0 ) 

= 8(121.135-91.9) 

F = 233.88 N « 234N 


[Analytical] 


Ans.(ii) 


Resultant thrust, F r = 7(3110) 2 + (234) 2 = 3118.79 N 
Power developed, P 


Ans.(iii) 

Ans.(i) 


m(C w , + C w0 )C bl 
1000 


Blading efficiency = 


8x38874x164.5 

1000 

2C b/ (C tv i + C w0 ) 

of 

2x164.5x388.74 

(392f~ 


= 511.582 kW 


Ans.(iv) 


= 83.23% 


Ans.(v) 
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Q-5 Classify different types of boilers and discuss factors important for the boiler selection. 

[CSE (Mains) 2017 : 10 Marks] 


Solution: 


Classification of Boilers: 

The boilers may be classified as follows : 

1. Horizontal, Vertical or Inclined 

If the axis of the boiler is horizontal, the boiler is called as horizontal, if the axis is vertical, it is called 
vertical boiler and if the axis is inclined it is known as inclined boiler. The parts of a horizontal boiler can 
be inspected and repaired easily but it occupies more space. The vertical boiler occupies less floor area. 

2. Fire Tube and Water Tube: In the fire tube boilers, the hot gases are inside the tubes and the water 
surrounds the tubes. Examples: Cochran, Lancashire and Locomotive boilers. 

In the water tube boilers, the water is inside the tubes and hot gases surround them. Examples: Babcock 
and Wilcox, Stirling, Yarrow boiler etc. 

3. Externally Fired and Internally Fired: The boiler is known as externally fired if the fire is outside the 
shell. Examples: Babcock and Wilcox boiler, Stirling boiler etc. In case of internally fired boilers, the 
furnace is located inside the boiler shell. Examples : Cochran, Lancashire boiler etc. 

4. Forced Circulation and Natural Circulation: In forced circulation type of boilers, the circulation of water 
is done by a forced pump. Examples : Velox. Lamont, Benson boiler etc. In natural circulation type of 
boilers, circulation of water in the boiler takes place due to natural convention currents produced by the 
application of heat. Examples : Lancashire, Babcock and Wilcox boiler etc. 

5. High Pressure and Low Pressure Boilers: The boilers which produce steam at pressures of 80 bar and 
above are called high pressure boilers. Examples : Babcock and Wilcox. Velox, Lamont. Benson boilers. 
The boilers which produce steam at pressure below 80 bar are called low pressure boilers. Examples : 
Cochran, Cornish, Lancashire and Locomotive boilers. 

6. Stationary and Portable 

Primarily, the boilers are classified as either stationary (land) or mobile (marine and locomotive). 

— Stationary boilers are used for power plant-steam, for central station utility power plants, for plan! 
process steam etc. 

— Mobile boilers or portable boilers include locomotive type, and other small units for temporary use at 
sites (just as in small coal-field pits). 

7. Single Tube and Multi-tube Boilers. The fire tube bo'iers are classified as single tube and multi-tube 
boilers, depending upon whether the fire tube is one or more than one. The examples of the former type 
are cornish. simple vertical boiler and rest of the borers are multi-tube bol'ers. 

Selection of a Boiler: While selecting a boiler the following factors should be considered : 

1 The working pressure and quality of steam required (i.e., whether wet or dry or superheated). 

2. Steam generation rate 

3. Floor area available. 

4. Accessibility for repair and inspection. 

5. Comparative initial cost. 

6 . Erection facilities. 

7. The portable load factor. 

8 . The fuel and water available. 

9. Operating and maintenance costs. 
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q 6 What is the difference between ‘normal’ and ‘oblique’ shock? State the significance of each. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

Difference between Normal and Oblique Shock Waves: 


Normal Shock Wave 

Oblique Shock Wave 

Occursin supersonic flow^ >1). 

Occurs in supersonic flow (M : > 1, 
No Difference). 

Normal to the Flow direction. 

Inclined at some otherangle. 

Flow direction does not change 
(Flow Deflection angle = 0). 

Flow direction changes (Flow 
Deflection angle *0) 

The downstream of the shock 
wave flow is always subsonic 
(M 2 < 1). 

The downstream of the shock 
wave flow may be subsonic or 
supersonic ( M 2 < 1 or/W 2 > 1). 

Shock strength is high. 

Shock strength is low. 


Significance of Normal Shock Wave 

If the shock wave is perpendicular to the flow direction, it is called a normal shock. A normal shock occurs in 
front of a supersonic object if the flow is turned by a large amount and the shock cannot remain attached to the 
body. The detached shock occurs for both wedges and cones. A normal shock is also present in most 
supersonic inlets. Across the normal shock the flow changes from supersonic to subsonic conditions. Since 
gas turbine engines operate under subsonic conditions, it is necessary to introduce a normal shock in the inlet 
compression system. Normal shocks also are generated in shock tubes. A shock tube is a high velocity wind 
tunnel in which the temperature jump across the normal shock is used to simulate the high heating environment 
of spacecraft re-entry. 

Significance of Oblique Shock Wave 

When a shock wave is inclined to the flow direction it is called an oblique shock. Oblique shocks are generated 
by the nose and by the leading edge of the wing and tail of a supersonic aircraft. Oblique shocks are also 
generated at the trailing edges of the aircraft as the flow is brought back to free stream conditions. Oblique 
shocks also occur downstream of a nozzle if the expanded pressure is different from free stream conditions. 
In high speed inlets, oblique shocks are used to compress the air going into the engine. The air pressure is 
increased without using any rotating machinery. 


Q-7 A supersonic wind tunnel settling chamber expands air through a nozzle from a pressure of 10 bar to 
4 bar in the test section. Calculate the stagnation temperature to be maintained in the settling chamber 
to obtain a velocity of 500 m/s in the test section. Take C p ajr = 1.025 kJ/kgK and C v ajr = 0.735 kJ/kgK. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 


From energy equation, 


where h is enthalpy and c is flow velocity 


T & 

T ° “ T+ 2 C P 


Assuming isentropic flow, —- 

'o 



Hi 

Y 
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2 Cp 1 


-i P 1 

"UJ 


C P _ 1.025 
C v ~ 0.735 


= 1.394 


y-1 _ 1.394 -1 
Y 1.394 


= 0.283 


_ (500)" 

0 2 x 1025(1 -0.4 0283 ) 

T 0 = 533.89 K 



Q. 1 Explain harmful effects of R-12 and R-22 refrigerant. Write their chemical formula and NBP temperature. 
Also suggest new ecofriendly substitutes of these two with chemical composition. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

Harmful Effect of R-12 Refrigerant: The earth’s ozone layer in the upper atmosphere (stratosphere) is needed 
for the absorption of harmful ultraviolet rays from the sun. These UV rays can cause skin cancer. R-12 is 
dichlorodifluoromethane and comes under CFCs category of refrigerant. In 1985, as per scientific observations, 
it was found that there is a gaping hole above Antarctic in the ozone layer which protects earth from UV rays. 
CFC-12 refrigerant has been linked to the depletion of this ozone layer. CFCs are having varying degrees of 
ozone depletion potential (ODP). In addition, they act as greenhouse gases. Hence, CFCs have global warming 
potential (GWP) as well. According to an international agreement (montreal protocol), the use of fully halogenated 
CFCs (no hydrogen in the molecule) are considered to high ODP and R-12 falls in this category. The problem 
with CFC refrigerant is mainly that a single atom of Cl released from CFC reacts taking out 100,000 0 3 
(ozone) molecules. That's why use of CFC-12 refrigerant is detrimental to the environment. 

Harmful effect of R-22 Refrigerant: R-22 is Hydro-chlorofluorocarbons refrigerant which contain hydrogen 
atom alongwith chlorine atom. HCFCs have much lower ODP and GWP as compared to R-12 refrigerant. ODP 
of R-22 is only 5% of that of R-12. R-22 is considered to be transitional refrigerant and will have to be ultimately 

phased out by 2030 AD. 


Refrigerant used 

Substitute Refrigerant 

before year 2000 

Short Term 

Long Term 

R-12 

R-134a 

R-134a 

R-22 

R-22 (upto 2030 Ad) 

HFC 134 a, R407C, R410A 


R-134a 

Other blends of R-32, R-134a 
and other 
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Chemical composition of R-134a: CF 3 CH 2 F 
Chemical composition of R-407c : HFC based 
Chemical composition of R-410A: HFC based 
Chemical composition of R-32 : CH 2 F 2 



q.2 A single stage, single acting vapour compression refrigeration system uses R-134a. Condenser and 

evaporator temperatures are 35°C and - 10“C and refrigerant is undercooled by 5*C. Clearance 

volume per sw ept volume is 0.03 and swept volume is 269.4 cm 3 . Compressor speed efficiency are 

2800 rpm and 80/o respectively. Expansion index is 1.12. Determine (i) Compressor exit temperature 

(ii) Enthalpy of refrigerant at compressor exit (iii) Enthalpy at the exit of the subcooler (iv) Volumetric 

efficiency of compressor (v) Refrigerant mass flow rate. Specific heat of vapour and liquid at condenser 

pressure are . /kgK and 1.458 kJ/kgK respectively. Assume suction vapour dry saturated and 
isentropic compression. 


Pressure (bar) 

t°C 

V g , (m 3 /kg) 

Enthalpy (kJ/kg) 

Entropy (kJ/kg-K) 




h f 

h 9 

s f 

s. 

2.104 

-10 

0.0994 

186.7 

392.4 

0.9512 

1.733 

8.870 

35 

- 

249.1 

417.6 

1.1680 

1.715 


[CSE (Mains) 2017 : 20 Marks] 

Solution: 


m 



K 

l/ s = 0.03, N = 2800 rpm, \/ s = 269.4 cc, n= 1.12, r| c = 0.8, c pg = 1.1 kJ/kgK, CpI = 1.458 kJ/kgK 


For isentropic compression, S 1 = S 2 


S, — S?' + Cpg In 


Jz j 


1.733 = 1.715+1.1 In 


Jz > 


In 



1.733-1.715 

1.1 


0.016364 


T 2 = 308 exp (0.016364) 

= 308 x 1.0165 = 313 K 


h 2 - 


hz + CpgO 2 ~ T?) 


Ans.(i) 
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= 417.6 + 1.1 (313-308) = 423 . 19 kJ/kgK 
h 3 -h 3 . = Cp(T 3 -T 3 ) (for sub-cooling process) 

h y = tb-Cp(T 3 -T 3 ) =417.6-1.458 (308-303) 
= 410.31 kJ/kgK 


Solved Papers 

Ans.lih 


Ans.(iij) 


Volumetric efficiency, rj vol = 


1 + C-C 


( Pr 


IJL = 1 + 0.03 


V^i 


J 8-87 V 

-° 03 feJ 


i_ 

.12 


= 1 + 0.03-0.03 X 3.7573 
= 0.9173 or 91.73% 

Volume of refrigerant admitted at compressor inlet = swept volume x r| vo] 

= 269.4 X 1(H X 0.9173 = 247.12 x 10“ 6 m 3 /cycle 

247.12x 1CT 6 x 2800 _ 

Refrigerant mass flow rate = - n nQC r:- 


r QR1 ko/min 


Ans.(iv) 


A ~ - /. .V 


Q.3 Show processes of saturated vapour compression refrigeration cycle on p-v, t-s and p-h diagram and 
mark graphically on t-s diagram refrigerating effect, heat rejection by condenser and compressor work. 

[CSE (Mains) 2017 : 10 Marks] 


Solution: 



Standard Vapour Compression Refrigeration Cycle (VCRS) on p-v diagram 




1- 2 Isentropic compression in a compressor 

2- 3 Constant-pressure heat rejection in a condenser 

3- 4 Throttling in an expansion device 

4- 1 Constant-pressure heat absorption in an evaporator 



Standard Vapour Compression Refrigeration Cycle (VCRS) on T-S diagram 
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Standard Vapour Compression Refrigeration Cycle (VCRS) on p4i diagram 



Entropy (s) 


Refrigerating Effect. Q A = area 1-4 -d-e 
Heat rejected. Q R = area 2-2'-3-c-e 

Work done, W = Q R -Q A = 1-2-2'-3-c-cM-1 



Q.4 Differentiate clearly between ventilation and infiltration. Discuss the methods of estimation of infiltrated 
air. 

[CSE (Mains) 2017 : 10 Marks] 

Solution: 

Ventilation Air can be natural or mechanical. In modern commercial buildings, the term ventilation refers to 
mechanical ventilation. It is the intentional controlled introduction of outdoor air into an enclosed occupied 
space. Ventilation is provided using mechanical systems such as fans. The entry of outdoor air through an 
open door or window is considered infiltration and not ventilation. The total air supplied to a space consisting 
of outdoor air and indoor recirculation air is not ventilation air either. It is referred to as Supply Air. 

Infiltration Air is the unintentional and uncontrolled entry of outdoor air into an enclosed space. Infiltration 
occurs through cracks in the building envelope and due to pressure differences between inside and outside. 
The outdoor air entering through open doors and windows is considered infiltration although the purpose of 
opening the door or window might be ventilation. Infiltration occurs mainly in winter when the air outside is 
colder and heavier than the air inside. It depends on wind velocity, wind direction and the air-tightness of the 
building envelope. In the case of high-rise buildings the stack effect also causes infiltration. 
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---Solved Papers 

Calculating Average Air Infiltration: Air infiltration is typically measured in terms of the number of times the 
entire volume of air in a building is replaced each hour. This unit is called “air changes per hour" N. The actual 
number of air changes per hour in a building varies continuously over time with drivers of infiltration such as 
wind velocity. Instantaneous measurements of infiltration can be made by releasing a tracer gas in a house 
and recording the rate of decay in the concentration of the gas. However, this method is somewhat impractical 
for wide spread use. Two methods for estimating the average number of air changes per hour are described below. 

ASHRAE Method: The ASHRAE method provides a simple way to estimate air infiltration based on the tightness 
of construction, seasonal variations in wind speed, and the indoor/outdoor air temperature difference that 
drives the stack effect. 


N = a + b\T ja - T oa \ 


Time of year 

Construction 

a 

b 


Tight 

0.280 

0.00630 

Winter 

Medium 

0.408 

0.00873 


Loose 

0.483 

0.01224 


Tight 

0.210 

0.00720 

Summer 

Medium 

0.310 

0.00840 


Loose 

0.310 

0.01400 


Blower Door Method: The blower door method estimates the average air infiltration by depressurizing a 
house with a blower and measuring the quantity of air that must be removed from the house to maintain a 
constant pressure difference between indoor and outdoor air. Leaky houses will require more air to maintain a 
constant pressure difference than tight houses. To use the blower door method, install a blower door in a door 
way and seal the door against the door jam to minimize leakage. Next, depressurize house until 

AP = P ia - P oa = 50 Pascals 

The air flow required to maintain a 50 Pa pressure difference is called or “CFM50." Use the following 


relation to convert from t4](CFM50)to /^(ACHSO) 


A/50 = ^ 


50 


ft 2 


min 


Kiouse [ft 3 ] 


x 60 


min" 

/ 

L hr . 

V 


or ACHso = 


The “Princeton” Method to estimate the average N from N ^ is : 

— ^50 

20 


N = 


forAOU^tk 

V 20 


The “Sherman” Method to estimate the average N from N ^ is: 


N = 


Nt 


'50 


for ACH = — ACHa so 1 
V CxHxSxLj 


CxHxSxL 

where the following coefficients can be estimated from the graph and tables that follow. 
C = leakage infiltration ratio ; 26 (hot climate) < C < 14 (cold climate) 

H= height correction factor 
S = wind shielding correction factor 
L = leakiness correction factor 


CFM^ x60 
V\fF] 


Q.5 In an air-conditioning plant, an air handling unit supplies at total of 4000 m 3 /min of dry air which 
comprises by mass 20% of fresh air at 39°C DBT and 26°C WBT and 80% re-circulated air at 24°C DBT 
and 50% RH. The air leaves the cooling coil at 12°C saturated. Using Psychrometric chart calculate (0 
Total cooling load and (ii) Room heat gain. Also show the process on Psychrometric chart. 

[CSE (Mains) 2017 : 20 Marks] 
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O 

3 £ 

w, & 


W A 


Given : ^ = 4000 m 3 /min, = 39°C, = 26°C, t db2 = 24°C, fc, = 50% RH L - ADP- 12°C 

Following are the steps for showing processes on Psychrometric chart. ' 

1. Locate point 2 at the intersection of 39°C DBT and 26°C WBT lines. 

2. Locate point 2 at the intersection of 24°C DBT and 50% RH lines 

3. Join the points 1 and 2. 

4. Locate point 3, which represents 20% of fresh air and 80% of recirculated air, on the line 1-2, such that 

length 2-3 = 0.2 x length 2-1 

5. Locate point 4 on the saturation curve where it meets vertical line drawn at 12°C DBT 

6. Joint the point 3 and 4. 

Using psychrometric chart, we find : 

= 80.6 kJ/kg of dry air 
h 2 = 48 kJ/kg of dry air 
h 3 = 54.4 kJ/kg of dry air 
h A = 34.1 kJ/kg of dry air 
v s 3 (specific volume) = 0.865 m 3 /kg of dry air 
f db 3 = 27°C and 
W 3 = 0.0106 kg/kg of dry air 


0 ) 


Mass of air entering the coil, m a3 = -2- = 

7 3 


V 3 4000 


Vo 0,865 


= 4624.3 kg/min 


Total cooling load = m a3 (h 3 - h t ) = 4624.3 (54.4 - 34.1) = 93873.3 kj/min 
93873.3x60 

= 402.3 tonnes 


14000 

(ii) Since the total mass of air ( m a3 = 4624.3 kg/min) comprises 20% of fresh air, therefore, mass of fresh air 
supplied at point 1, ail 

m a1 = 0.2 x 4624.3 = 924.86 kg/min, and 
fresh air load = m a ^ - h 2 ) = 924.86 (80.6-48) = 30150.4 kj/min 
30150.4x60 

= - „ — -= 129.2 tonnes 

14000 

Room heat gain = 402.3-129.2 = 273.1 tonnes 
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